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COENZYME A THIOL ESTERS OF ISOBUTYRIC, METHACRYLIC, 
AND 8-HYDROXYISOBUTYRIC ACIDS AS INTERMEDIATES 
IN THE ENZYMATIC DEGRADATION OF VALINE* 


By WILLIAM G. ROBINSON,f ROY NAGLE,{ BIMAL K. BACHHAWAT,f 
FLOYD P. KUPIECKI,f anp MINOR J. COONT 


(From the Department of Biochemistry, School of Medicine, University of Pennsylvania, 
Philadelphia, Pennsylvania, and the Department of Biological Chemistry, 
Medical School, University of Michigan, Ann Arbor, Michigan) 


(Received for publication, June 18, 1956) 


It was well established by Rose, Johnson, and Haines (1) that 3 of the 
5 carbon atoms of valine and of a-ketoisovalerate furnish glucose in the 
phlorizinized dog. A possible pathway for this conversion was proposed 
by Atchley (2) in an investigation of the conversion of isobutyrate, the 
presumed degradation product of the amino acid, to propionate in washed 
kidney homogenates. Subsequent isotopic studies by Rose! and by Fones 
e al. (3, 4) demonstrated that the isopropyl group of valine, and of iso- 
butyrate, is the source of the 3-carbon compound which is converted to 
glycogen and other tissue components, whereas the carboxyl carbon of 
isobutyrate is lost as carbon dioxide. More recently, Kinnory, Takeda, 
and Greenberg (5) have established the conversion of C-labeled valine to 
a-ketoisovalerate, isobutyrate, §-hydroxyisobutyrate (HIB), and _pro- 
pionate, and have provided evidence that carbon atoms 3, 4, and 4’ of 
valine give rise to propionate in this pathway by a mechanism involving 
the oxidation of HIB (presumably to methylmalonic semialdehyde) and 
the removal of its carboxyl group. 

An enzymatic study of the possible role of coenzyme A (CoA) in valine 
metabolism was undertaken in our laboratory in the hope of determining 
whether the decarboxylation step might occur while the thiol ester linkage 
is still intact. As indicated in earlier brief reports (6-8), the following 
reaction sequence has now been established: 


(1) Isobutyryl CoA = methacrylyl CoA (+2H) 
(2) Methacrylyl CoA + H,O @ £-hydroxyisobutyryl CoA 


* Supported by grants from the National Science Foundation and the National 
Institute of Arthritis and Metabolic Diseases, United States Public Health Service. 

t Present address, Department of Biological Chemistry, Medical School, Uni- 
versity of Michigan, Ann Arbor, Michigan. 

t Present address, Boston City Hospital, Boston, Massachusetts. 

‘Dr. William C. Rose has informed us in a personal communication of his un- 
published studies with radioactive valine and isobutyrate. 
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(3) B-Hydroxyisobutyryl CoA + H,O — £-hydroxyisobutyrate + CoA 
(4) B-Hydroxyisobutyrate + diphosphopyridine nucleotide (DNP*t) 
methylmalonate semialdehyde + DPNH + Ht 


Evidence is given in the present paper for the dehydrogenation of iso. 
butyryl CoA to yield the corresponding a,f-unsaturated thiol ester (Re- 
action 1), the enzymatic and non-enzymatic hydration of methacryly| 
CoA (Reaction 2), and the dehydrogenation of HIB (Reaction 4) with the 
formation of methylmalonate semialdehyde (methylmalonaldehydate). 
Since the CoA ester of the hydroxy acid is not a substrate for the dehy. 
drogenase, the removal of the coenzyme is postulated according to Reaction 
3 (9). Evidence for the enzymatic catalysis of Reaction 3 will be pro- 
vided in a subsequent paper. 


EXPERIMENTAL 


Dehydrogenation of Isobutyryl CoA—The dehydrogenation of isobutyry| 
CoA, predicted by analogy to the corresponding reaction with straight 
chain fatty acid thiol esters of CoA (10), was demonstrated by using the 
assay procedure of Green et al. (11). The following components were 
incubated at 38° in a final volume of 0.60 ml. in an evacuated Thunberg 
tube: tris(hydroxymethyl)aminomethane (Tris) buffer, pH 8.1, 50 umoles; 
triphenyltetrazolium chloride, 3.6 ywmoles; methylene blue, 0.2 umole; 
isobutyryl CoA, 2 uwmoles; and dialyzed liver extract, 2.9 mg. of protein. 
Under these conditions the triphenyltetrazolium was found to be reduced 
at the rate of 0.21 umole per hour. Suitable control experiments indicated 
a requirement for both isobutyryl CoA and the enzyme preparation for 
dye reduction to take place. Further support for Reaction 1 has been 
provided by the recent report of Crane et al. (12) that the flavoprotein 
dehydrogenase which is specific for straight chain acyl CoA derivatives 
from C, to Cg is reduced by isobutyryl] CoA. 

Hydration of Methacrylyl CoA—The hydration of methacrylyl CoA 
(Reaction 2) was readily demonstrated by the spectrophotometric assay 
of Stern and his associates (13). Curve A in Fig. 1 indicates the rate of 
this reaction as catalyzed by 0.7 mg. of a heart enzyme preparation known 
to contain unsaturated fatty acyl CoA hydrase (crotonase) (14, 15), and 
Curve B represents a similar experiment in which 0.16 y of crystalline 
crotonase was shown to act on methacrylyl CoA, in accord with the report 
of Stern and del Campillo (16). 

Although the enzymatic catalysis of the reaction was readily demon- 
strated by this rapid and sensitive assay procedure, we have found that 
methacrylyl CoA also undergoes spontaneous hydration to an appreciable 
extent (6, 7). This was first shown in an experiment in which methacrylyl 
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(oA was incubated in either the presence or the absence of an enzyme 
preparation containing crotonase; the reaction mixtures were then sub- 
mitted to paper chromatography in ethanol-acetate (Table I). In each 
case two distinct thiol esters were detected, but no free sulfhydryl com- 
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MINUTES 
Fic. 1. Enzymatic hydration of methacrylyl CoA as a function of time. Curve 
A represents 6-hydroxyisobutyryl CoA formation on mixing dialyzed pig heart 
acetone powder extract (0.7 mg. of protein) with 0.3 umole of methacrylyl CoA, 0.3 
umole of Versene, 15 umoles of Tris buffer, pH 7.4, and 0.3 mg. of crystalline egg al- 
bumin in a cuvette in a final volume of 3.0 ml. Curve B represents a similar experi- 
ment in which 0.16 y of crystalline crotonase was used in place of the heart extract. 


TABLE I 
Non-Enzymatic Hydration of Methacrylyl CoA 
Rp values 
System 
CoA thiol esters Hydroxamic acids 
1 Complete 0.54, 0.78 
No enzyme 0.54, 0.81 
Known methacrylyl CoA 0.43 
‘¢ HIB CoA 0.82 
2 Complete 0.54, 0.82 
No enzyme 0.54, 0.82 
Known HIB hydroxamate 0.44 
methacrylohydroxamate 0.82 


In Experiment 1, the complete system contained 1.5 umoles of methacrylyl CoA, 
20 umoles of Tris buffer, pH 7.4, 0.4 umole of Versene, 0.4 mg. of crystalline egg al- 
bumin, and dialyzed heart extract (1.4 mg. of protein) in a final volume of 1.05 ml. 
Incubation, 30 minutes at 38°. The reaction mixture was then deproteinized by brief 
heating at pH 3, and an aliquot of the neutralized solution was submitted to paper 
chromatography in ethanol-acetate (17). Experiment 2 was carried out under simi- 
lar conditions, but the reaction mixtures were treated with hydroxylamine prior to 
deproteinization with ethanol. The hydroxamates were submitted to paper chroma- 
tography in water-saturated butanol (18). 
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pounds or other ultraviolet-absorbing materials were found. By analogy 
to the behavior of other similar compounds in this solvent system, the 
thiol ester of lower Ry is believed to be methacrylyl CoA and that of 
higher Ry, HIB CoA.? Further evidence for the spontaneous hydration 
was obtained in an experiment in which the CoA esters were converted to 
the corresponding hydroxamic acids prior to chromatography (Table J), 
Both methacrylohydroxamate and HIB hydroxamate were detected, 
whether or not the methacrylyl CoA had been exposed previously to the 
action of the enzyme preparation containing crotonase. As was antici- 
pated, only the unsaturated hydroxamate was found to exhibit ultraviolet 
absorption. 

Enzymatic Conversion of B-Hydroxyisobutyrate to Methylmalonate Semialde- 
hyde—By analogy to the diphosphopyridine nucleotide (DPN)-dependent 
oxidation of straight chain 8-hydroxyacyl thiol esters of CoA (19), HIB 
CoA might be expected to serve as a substrate for enzymatic dehydrogena- 
tion. Surprisingly, however, only free HIB undergoes oxidation (Reaction 
4), thereby necessitating the loss of CoA from the substrate as a prior step 
in valine metabolism (e.g. Reaction 3). Spectrophotometric evidence for 
the action of the dehydrogenase is given in Fig. 2. As indicated by Curve 
A, the addition of synthetic methacrylyl CoA to a reaction mixture con- 
taining DPN and heart extract failed to bring about the formation of a 
measurable amount of reduced diphosphopyridine nucleotide (DPNH), 
even when an excess of crystalline crotonase was added (at Arrow 1) to 
insure the rapid formation of HIB CoA. Curve B represents a similar 
experiment in which methacrylate was without effect, but the addition of 
free HIB (at Arrow 2) resulted in rapid reduction of DPN. 

Methylmalonate semialdehyde, the expected product of the dehy- 
drogenation reaction, has not, to our knowledge, been previously identified 
or tested in a biological system, although indirect evidence (2, 5) suggests 
its role in valine degradation. Sufficient amounts of this compound were 
prepared by chemical synthesis to permit testing it as a substrate by the 
optical method. It was found to oxidize DPNH in the presence of HIB 
dehydrogenase, as indicated in Fig. 3. The ascending portion of the curve 
represents the reduction of DPN upon the addition of HIB to the enzyme 
reaction mixture. The addition of 15 umoles of the synthetic semialdehyde 
(at the arrow) brought about reversal of the reaction, as indicated by 
the immediate oxidation of DPNH. 

In early attempts to isolate the enzymatically formed aldehyde acid 


2 The identity of these thiol esters has recently been confirmed and the non-enzy- 
matic dehydration of synthetically prepared HIB CoA has been demonstrated with 
the aid of a specific HIB CoA deacylase (9). These unpublished experiments were 
carried out in collaboration with Dr. George Rendina. 
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ys the dinitrophenylhydrazone, propionaldehyde dinitrophenylhydrazone 
was recovered, owing to the ready decarboxylation of the aldehyde acid. 
\sindicated in Table II (Experiment 1), after incubation of HIB with DPN 
and the partially purified dehydrogenase, a neutral phenylhydrazone could 
be prepared and identified chromatographically as that of propionaldehyde. 
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Fic. 2. DPN reduction as a function of time. Curve A indicates no DPN reduc- 
tion upon the addition of 3 wmoles of methacrylyl CoA to a mixture containing 300 
ymoles of Tris buffer, pH 9.0, 3 wmoles of DPN, and a dialyzed ammonium sulfate 
fraction of heart extract (3.9 mg. of protein) in a final volume of 3.0 ml. The addi- 
tion of an excess of crystalline crotonase (4 7) at Arrow 1 to insure the rapid forma- 
tion of HIB CoA also failed to bring about DPN reduction. Curve B represents a 
similar experiment in which the addition of 5 wmoles of potassium methacrylate to 
the enzyme reaction mixture failed to cause DPN reduction. However, the further 
addition of 5 wymoles of HIB (potassium salt) effected the rapid formation of DPNH. 

Fic. 3. DPN reduction by HIB as a function of time. The ascending portion of 
the curve represents DPN reduction upon the addition of 10 uymoles of HIB (sodium 
salt) to a mixture containing 500 uwmoles of Tris buffer, pH 8.1, 1.5 umoles of DPN, 
10 umoles of Versene, and partially purified dehydrogenase (0.2 mg. of protein) in a 
cuvette in a final volume of 3.0 ml. At the arrow, 15 wmoles of methylmalonate 
semialdehyde (sodium salt) were added, thereby reversing the reaction and oxidizing 
DPNH. 


Upon omission of HIB from such a reaction mixture, none of this product 
was detectable. When, however, the enzyme incubation was carried out 
in the presence of hydroxylamine and suitable precautions were taken in 
handling the products, the aldehyde acid derivative itself was chromato- 
graphically demonstrable in the acidic phenylhydrazone fraction (Experi- 
ment 2). The Rp of this product (0.58) was found to be identical to that 
of the known methylmalonic semialdehyde phenylhydrazone (0.59), and 
clearly distinguishable from the propionaldehyde derivative (R,- 0.76). 
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TABLE II 


Chromatographic Identification of Methylmalonate Semialdehyde 
As Product of HIB Oxidation 


- ~ 


Rr of dinitrophen 
Experiment F phenylhydrazone 
Solvent A Solvent B 
1 Reaction mixture 0.51 
Known methylmalonate semialdehyde 0 
“propionaldehyde 0.50 
2 Reaction mixture 0.58 
Known methylmalonate semialdehyde 0.59 
propionaldehyde 0.76 


In Experiment 1, the reaction mixture contained 500 umoles of Tris buffer, pH 
8.1, 7.5 umoles of DPN, 20 umoles of HIB (sodium salt), and partially purified de. 
hydrogenase (9.7 mg. of protein) in a final volume of 1.7 ml. After incubation for] 
hour at 38°, the mixture was deproteinized with trichloroacetic acid and treated with 
2,4-dinitrophenylhydrazine, and the resulting products were extracted into carbon 
tetrachloride and washed with dilute sodium hydroxide solution. The neutral phe. 
nylhydrazone fraction was then submitted to paper chromatography in methanol- 
saturated heptane (Solvent A) by a modification of the procedure of Meigh (20). 
In Experiment 2, the reaction mixture contained 500 umoles of Tris buffer, pH 9.0, 
10 umoles of Versene, 200 umoles of neutral hydroxylamine, 3 wmoles of DPN, 200 
umoles of HIB (sodium salt), and partially purified dehydrogenase (0.4 mg. of pro- 
tein) in a final volume of 2.0 ml. After incubation for 40 minutes at 25°, the reac- 
tion mixture was chilled in ice and treated with dinitrophenylhydrazine. The re. 
sulting products were extracted into chloroform and then into cold sodium carbonate 
solution. After cautious neutralization with acetic acid, the acidic phenylhydra- 
zone fraction was submitted to paper chromatography in 95 per cent methanol (Sol- 
vent B). 


TaBLeE ITI 
Stoichiometry of Enzymatic Dehydrogenation of HIB 
System DPNH formed semialdehyde 
umole pmole 
Complete 0.19 0.21 
No DPN 0 
“ HIB 0 0 


The complete system, containing 50 umoles of sodium pyrophosphate buffer, pH 
9.0, 10 wmoles of Versene, 1.5 wymoles of DPN, 10 uwmoles of HIB (sodium salt), and 
0.16 mg. of 200-fold purified dehydrogenase in a volume of 3.0 ml., was incubated at 
26° for 22 minutes. The DPNH concentration was determined spectrophotometri- 
cally, and methylmalonate semialdehyde was estimated colorimetrically as pro- 
pionaldehyde 2,4-dinitrophenylhydrazone subsequent to incubation of the reaction 
mixture for 15 minutes at 70° with dinitrophenylhydrazine in 0.4 m hydrochloric acid 
(final concentration). : 
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Further evidence which strongly supports Reaction 4 was provided by 
the demonstration that DPNH and methylmalonate semialdehyde are 
formed in equimolar amounts during oxidation of HIB in the presence of 
3 200-fold purified preparation of the dehydrogenase. Less purified prep- 
arations of this enzyme have proved unsuitable for such studies, possibly 
because they may contain an enzyme which further oxidizes the aldehyde 
acid in the presence of DPN. In the experiment recorded in Table III, 
DPNH was estimated spectrophotometrically with suitable correction for 
the slight instability of this compound under the conditions employed. 
The aldehyde acid was estimated colorimetrically after quantitative con- 
version to propionaldehyde dinitrophenylhydrazone. The molar ratio of 
aldehyde acid formed to DPN reduced was found to be 1.1. 


\ 
CoA-S-CO-CH-CO3 gi 
2e—— "3 


DIaGRAM 1 


DISCUSSION 


As indicated above, isotopic studies of others! (3-5) have clearly demon- 
strated that the isopropyl group of isobutyrate furnishes a glycogenic 
3-carbon compound (propionate), whereas the carboxyl carbon is eventu- 
ally lost as carbon dioxide. The possibility that the removal of the car- 
boxyl group might occur with CoA still attached, to yield carbonyl CoA, 
for example, was of particular interest to us in our search for an activated 
form of carbon dioxide in leucine metabolism (7, 21) and was the stimulus 
to the present enzymatic study of the role of CoA in valine metabolism. 
It is clear from the results presented, however, that the loss of CoA occurs 
at the level of HIB CoA, and therefore at a stage prior to decarboxylation. 

Methylmalonate semialdehyde has been shown in this laboratory* to 
undergo a reversible transamination reaction with glutamate to furnish 
8-aminoisobutyrate, which is also known to arise from thymine degradation 
(22). The mechanism by which the semialdehyde furnishes carbon dioxide 
and propionate, on the other hand, is not clear at the present time. As 
indicated in the accompanying diagram, one scheme which has been pro- 


* Kupiecki, F. P., unpublished experiments. 
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posed (2, 5) would involve decarboxylation of the aldehyde acid and oxida. 
tion of the resulting propionaldehyde. Although Atchley (2) considered 
methylmalonate to be ruled out as a possible intermediate because it wag 
entirely inactive under the conditions of his experiments, the possibility 
still remains that the aldehyde acid undergoes oxidation to a methyl- 
malonate derivative prior to the decarboxylation step. It is of particular 
interest that such a reaction sequence involving methylmalonyl CoA may 
represent the reversal of a step in propionate metabolism. The formation 
of succinate by the carboxylation of propionate, shown by Lardy and his 
associates to require the presence of adenosine triphosphate (23, 24), hag 
been demonstrated by Flavin, Ortiz, and Ochoa (25) and by Katz and 
Chaikoff (26) to involve methylmalonate as an intermediate. The finding 
that methylmalony] CoA is the direct product of propionyl CoA carboxyla- 
tion (25, 27) suggests the possibility that the reverse of this reaction may be 
the final step in the conversion of valine to propionate (propionyl CoA), 
as indicated in the diagram. 


Methods 


Alcohol-potassium chloride extracts of rat liver or pig heart, prepared 
according to procedures previously described (28, 29), were dialyzed for 
16 hours at 4° against a solution of potassium chloride, 0.04 M, potassium 
phosphate buffer, pH 7.4, 0.025 m, and L-cysteine, 0.001 m. A heart 
acetone powder extract (28) dialyzed against a solution of potassium 
phosphate buffer, pH 7.4, 0.05 m, and L-cysteine, 0.001 mM, was employed in 
one experiment (see Fig. 1). 

The procedures employed in preparing 200-fold purified HIB dehydro- 
genase (9) will be described in detail in a subsequent paper. Crystalline 
crotonase was kindly furnished by Dr. Joseph R. Stern. 

Isobutyric and methacrylic acids, DPN, and CoA were commercial 
products. dl-8-Hydroxyisobutyric acid was synthesized according to 
Blaise and Herman (30), recrystallized as the sodium salt from 95 per cent 
ethanol, and identified by preparation of the phenylurethane, m.p. 122° 
(30). Free HIB acid was found to have the correct neutralization equiva- 
lent and to furnish only one spot (Rp 0.26) upon chromatography in 
butanol-water-diethylamine (31) or as the hydroxamate (Ry 0.44) in 
water-saturated butanol. CoA thiol esters of isobutyric and methyacrylic 
acids were prepared by the general method of Wieland and Rueff (32). 
The concentration of thiol esters made in this manner was estimated on the 
basis of sulfhydryl disappearance, as determined by the method of Grunert 
and Phillips (33). For the preparation of the hydroxamates of methacrylic 
and HIB acids (cf. Table III), the corresponding mixed anhydrides witb 
ethyl carbonate (32) were added to neutral hydroxylamine solution. The 
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hydroxamates prepared in this manner are chromatographically pure, 
whereas those prepared from synthetic methacrylyl CoA or HIB CoA 
always contain both the unsaturated and the hydroxy derivatives, as 
described above. 

dl-Methylmalonic semialdehyde, a highly unstable compound which has 
not been prepared previously, was made in small amounts by hydrolysis 
of the corresponding ethy] ester diethyl acetal. Ethyl a-formy! propionate 
diethyl acetal was synthesized by the reaction of ethyl orthoformate with 
ethyl a-bromopropionate (34). The 2,4-dinitrophenylhydrazone, pre- 
pared from this product and recrystallized from methanol, was found to 
have a melting point of 114° (corrected), which is somewhat higher than 
that previously reported, 110—-111.5° (34). The ester acetal was suspended 
in 15 volumes of 0.5 N sodium hydroxide and shaken vigorously at room 
temperature until the solution became clear, thereby indicating hydrolysis 
of the ester linkage. The solution was then chilled in an ice bath and 
adjusted to pH 3 by the cautious addition of 1 N sulfuric acid. After the 
resulting mixture had been allowed to stand for 10 minutes at room tem- 
perature to decompose the acetal, the solution was again chilled in an ice 
bath and adjusted to pH 8 by the addition of 3.5 nN sodium hydroxide solu- 
tion. The identity of the methylmalonic semialdehyde prepared in this 
manner was established by paper chromatography of the dinitropheny]- 
hydrazone (Table II). This derivative failed to give a sharp melting 
point, but after gentle heating the decarboxylation product, propionalde- 
hyde dinitrophenylhydrazone, was identified by melting point and by mixed 
melting point with an authentic sample. 


SUMMARY 


1. Evidence is presented for the occurrence of the following reactions in 
heart and liver enzyme extracts: (1) the dehydrogenation of isobutyryl 
coenzyme A (CoA), an intermediate in valine metabolism, to furnish 
methacrylyl CoA; (2) the hydration of methacrylyl CoA by a,f-unsatu- 
rated thiol ester of coenzyme A (acyl CoA) hydrase (crotonase) to yield 
B-hydroxyisobutyryl CoA; (3) the loss of CoA from the latter compound, 
presumably by the action of a specific deacylase; and (4) the oxidized 
diphosphopyridine nucleotide-dependent dehydrogenation of 6-hydroxy- 
isobutyrate to yield methylmalonate semialdehyde. 

2. In contrast to other a,8-unsaturated CoA thiol esters, methacryly] 
CoA readily undergoes spontaneous hydration. After brief incubation of 
the synthetically prepared compound in the absence of enzyme, the forma- 
tion of 6-hydroxyisobutyryl CoA was demonstrated by paper chromatog- 
raphy of the thiol esters and of the corresponding hydroxamic acids. The 
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spontaneous hydration is less rapid, however, than that catalyzed by 
crotonase. 


3. The finding that the thiol ester linkage is cleaved by Reaction 3 


may account for the ready loss of the resulting free carboxyl group as 
carbon dioxide at some subsequent metabolic step, as indicated by isotopic 
studies on valine and isobutyrate metabolism in other laboratories. 


4. B-Hydroxyisobutyryl CoA is not dehydrogenated by enzyme prep- 


arations which attack free $-hydroxyisobutyrate. The reversibility of 
Reaction 4 was demonstrated spectrophotometrically by the oxidation 
of reduced diphosphopyridine nucleotide in the presence of synthetically 
prepared methylmalonate semialdehyde. 
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INCORPORATION OF C¥-AMINO ACIDS INTO RIBONUCLEO- 
PROTEIN PARTICLES FROM THE EHRLICH 
MOUSE ASCITES TUMOR* 


By JOHN W. LITTLEFIELD anp ELIZABETH B. KELLER 


(From the Medical Laboratories of the Collis P. Huntington Memorial Hospital of 
Harvard University, at the Massachusetts General Hospital, 
Boston, Massachusetts) 


(Received for publication, May 22, 1956) 


There have been many indications from earlier studies that ribonucleic 
acid! is involved in protein synthesis, perhaps as the template for the for- 
mation of specific proteins (see Brachet (2) for a recent review). In studies 
on the mechanism of protein synthesis we have found that, when a C"*- 
amino acid is injected intravenously into a rat, the initial incorporation in- 
to the cytoplasmic ribonucleoprotein particles of the liver is several times 
greater than into other cell fractions (3). The rapid initial incorporation 
into these particles could represent the formation of new polypeptide chains 
on the surface of the RNA. In these experiments in vivo, the C" in the rib- 
onucleoprotein declined after the first few minutes if the specific activity of 
the free intracellular aminoacid decreased. If, however, the latter was kept 
constant, the labeling of the nucleoprotein remained constant, suggesting a 
steady state in which the rate of formation and release of polypeptide chains 
were equal. Only 1 percent of the protein in the ribonucleoprotein particles 
became labeled in this process. 

Earlier, Petermann et al. had shown by ultracentrifugal and electropho- 
retic analyses that there is in the cytoplasm of liver and other cells a variety 
of ribonucleoprotein particles containing equal amounts of RNA and pro- 
tein (4). The major type of particle in liver (Component B) has a sedimen- 
tation rate of 50 S. In tumors and other rapidly growing tissues another 
type of particle (Component C, 40 8) is prominent, as if it were somehow 
connected with cell division (5). Perhaps Component C contains the tem- 
plates for the structural and enzymatic proteins of the cell formed during 
growth. These several ribonucleoprotein particles were presumably identi- 


* This work was supported by AEC contract No. AT (30-1)-1207 and an allocation 
from an Institutional Grant of the American Cancer Society to the Massachusetts 
General Hospital. This is publication No. 886 of the Cancer Commission of Harvard 
University. A preliminary report of this work has been published (1). 

‘The following abbreviations have been used: RNA, ribonucleic acid; DNA, 
deoxyribonucleic acid; ATP, adenosine triphosphate; GTP and GDP, guanosine tri- 
phosphate and guanosine diphosphate; PEP, phosphoenol pyruvate; Tris, tris(hy- 
droxymethyl)aminomethane. 
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cal with particles 150 A in diameter seen in electron micrographs of nj. 
crosomes (6) and of thin sections of various tissues (7, 8). 

For our incorporation experiments in vivo the ribonucleoprotein particles 
were isolated from the microsome fraction of rat liver by use of sodium 
deoxycholate (3), which renders soluble the membranous (non-ribonucleo. 
protein) component of the microsomes (9). The deoxycholate-insoluble par. 
ticles contained an equal amount of RNA and protein, had a major peak 
with a sedimentation rate of 47 8, and appeared as uniform particles 240 A 
in diameter in electron micrographs of unfixed, unstained preparations, 
Palade and Siekevitz have also reported the isolation of ribonucleoprotein 
particles by the use of deoxycholate (10). Petermann and Hamilton have 
shown that deoxycholate does not affect the major nucleoprotein particle 
peaks (11). 

To explore further the role of these particles in the protein synthesis of 
normal and neoplastic cells, we have studied the Ehrlich mouse ascites 
tumor (12). The cytoplasm of these homogeneous, rapidly growing cells is 
rich in RNA (13) and relatively deficient in the membranous component 
of the endoplasmic reticulum (14). Suspensions of free tumor cells are easily 
handled and incorporate C'4-amino acids into protein at a high rate in vitro 
(15, 16). In part, the present paper deals with the isolation and characteri- 
zation of ribonucleoprotein particles from this tumor, and presents evidence 
that they are important in the protein synthesis of the tumor cells, as are 
the corresponding particles in liver. 

A cell-free system has been obtained from rat liver, which catalyzes the 
incorporation of C'-amino acids into protein in the presence of adenosine 
triphosphate (ATP), an ATP-generating system, and either guanosine tn- 
phosphate (GTP) or guanosine diphosphate (GDP) (17, 18). The cell frac- 
tions required are the microsomes and the proteins precipitated from the 
soluble cell fraction at pH 5 (the “pH 5 enzymes”). The ribonucleopro- 
tein particles present in the microsomes are labeled up to 8 times more 
rapidly than the other components of the cell-free system (3). The pH5 
enzymes catalyze the carboxyl activation of amino acids by ATP (19). 
No direct evidence has been obtained concerning the mode of action of the 
guanosine nucleotide in this system. 

With the liver system it was not possible to determine whether the men- 
branous component of the microsomes was essential for the incorporation. 
The purified particles isolated by the use of deoxycholate were inactive, 
but deoxycholate was inhibitory to the incorporation system. It has now 
been found that ribonucleoprotein particles can be isolated from the micro- 
somes of Ehrlich ascites tumor by a procedure similar to that of Jeener 
(20),? by using 0.5 m NaCl, and that these particles, when combined with 


2 We are grateful to Dr. J. L. Simkin for stimulating our interest in the use of NaC 
solutions in microsome fractionation. 
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5 enzymes of tumor, ATP, and GTP, give active incorporation of 
4gmino acids into the ribonucleoprotien. 


Materials and Methods 


Materials—.-Leucine-1-C", L-valine-1-C™, L-isoleucine-1-C"™, pi-leucine- 
C4, pL-alanine-1-C"™, and were synthesized and 
indy furnished by Dr. R. B. Loftfield (21) from BaC™O; obtained on 
location from the United States Atomic Energy Commission. 

We are indebted to Dr. J. D. Gregory for the pyruvate kinase, and 
Dr. S. A. Morell kindly supplied a preparation of mixed nucleotides from 
yeast. Crystalline disodium ATP and GDP were obtained from the Sigma 
(Chemical Company, and GTP was obtained from the Pabst Laboratories. 
(ther materials were the same as those used previously (3, 18). 

All solutions used in incubation mixtures were adjusted to approximately 

pH 7.4 before use. All the solutions of nucleoside di- or triphosphates 

were made up with 1 mole of MgCl. per mole of nucleotide, so that addi- 

tion of these solutions would not lower the Mgt* concentration of the in- 

cubation mixture. 

Preparation of Washed Tumor Cells—The Ehrlich mouse ascites tumor 

was obtained from Dr. G. Klein in 1950, and has been maintained in this 

laboratory by weekly transfers made by the intraperitoneal injection of 
0.2 ml. of ascitic fluid into young male and female mice of strain A. In 

the present work, mice were selected for prominent ascites 7 to 11 days 
fter transplantation of the tumor. After decapitation of the animal, the 
ascitic fluid was drained through a large abdominal incision into a flask 
surrounded by ice. Subsequent operations were performed at 0-4°. The 
tumor cells were collected by centrifugation and washed by suspension in 
ice-cold medium (0.14 m NaCl, 0.02 m glucose, and 0.04 m tris(hydroxy- 
methyl)aminomethane (Tris) buffer at pH 8.5), followed by centrifugation. 
This washing procedure was repeated two to three times until the super- 
natant fluid was clear and only faintly colored. Red blood cells which 
tend to pack below the tumor cells were not separated from the tumor 
cells, since adult red blood cells contain very little RNA and do not in- 
corporate labeled amino acids into proteins (22). The tared tubes con- 
taining the washed cellular pellets were weighed to determine the wet 
weight of the cells. About 1.5 gm. of wet cells were obtained from each 
mouse. Roughly, 85 per cent of the cell mass was tumor cells, or about 
§ X 108 tumor cells per gm. of wet cells. 

Tumor Cell Lysis and Fractionation—The cellular pellets were resus- 
pended with a large, loose homogenizer in 10 volumes of ice-cold distilled 
water. After 5 minutes, concentrated solutions were added to give a final 
concentration of 0.25 m sucrose, 0.025 m KCl, and 0.005 m MgCle. The 
lysate was centrifuged for 10 minutes at 15,000 K g. The supernatant 
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fluid was aspirated carefully and centrifuged for 2 hours at 105,000 x , 
(Raverage) in the No. 40 rotor of the Spinco model L ultracentrifuge. (In 
experiments on cofactor requirements, the lysate was centrifuged 
15,000 X g for 10 minutes and the supernatant fluid treated with 15 to» 
per cent of its weight of moist Dowex 1-X8 acetate; after 2 to 3 minutes, 
the resin was removed by filtration, and concentrated solutions were added 
as above to the filtrate and the filtrate was centrifuged at 105,000 x g,) 

The supernatant fluid containing the soluble cell fraction was collected 
by aspiration. This was diluted with 2 to 3 volumes of 0.025 m KCl when 
cofactor requirements were under study. The pH of the solution was 
then brought to 5 with 1 N acetic acid to cause precipitation of protein, 
After standing for 5 minutes, the suspension was centrifuged and the pre. 
cipitate, containing about one-third of the soluble cell proteins, was washed 
with cold water and dissolved in ice-cold Medium A (0.25 m sucrose, 0,025 
M KCl, 0.005 m MgClo, and 0.05 m Tris buffer, pH 7.6) to give a solution 
with about 10 mg. of protein per ml. and a final pH of about 7.4 after ad- 
justment with KOH. A small amount of insoluble material was removed 
by centrifugation. The term “pH 5 enzymes’”’ is used to refer to this 
preparation, which is similar to the “pH 5 enzymes” from liver. The 
tumor pH 5 enzymes catalyze the carboxyl activation of amino acids by 
ATP (19)? and are essential in the cell-free incorporation system. These 
enzymes remain active for several days if kept frozen. 

The small pink microsome pellets, well packed by centrifugation for 2 
hours at 105,000 X g, were rinsed with ice-cold distilled water and homog- 
enized in Medium A with a cold glass pestle, closely fitting the Lusteroid 
centrifuge tube, to give a suspension with about 10 mg. of protein per ml. 
A small amount of aggregated material was removed by centrifugation at 
15,000 X g. 

When separation of microsomes and pH 5 enzymes was not necessary, 
both could be concentrated conveniently from the lysate by acidifying the 
15,000 X g supernatant fluid to pH 5 and collecting the precipitate by 
centrifugation. 

Liver microsomes and pH 5 enzymes were obtained from young rats a8 
described previously (18), except that 0.05 m Tris buffer, pH 7.6, was sub- 
stituted for bicarbonate buffer in the homogenizing medium. Livers from 
the tumor-bearing mice were not used. 

Isolation of ‘‘Deoxycholate-Insoluble Particles” from Tumor Microsomes— 
Pooled microsome pellets were homogenized in a 12.5 ml. Lusteroid cet- 
trifuge tube with 0.5 to 1.0 ml. of cold, freshly prepared 2.5 per cent solu- 
tion of sodium deoxycholate in 0.2 m glycylglycine buffer, pH 8.0. An 


3 We wish to thank Dr. Mahlon B. Hoagland for determining the amino acid activa- 
tion by pH 5 enzymes of the tumor. 
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ymount of deoxycholate approximately equal to the weight of microsome 
protein was used. After a few minutes, the tube was filled with ice-cold 
distilled water and the suspension centrifuged for 2 hours at 105,000 X g. 
Then the supernatant fluid containing the deoxycholate-soluble fraction 
of the microsomes was aspirated carefully to leave the loosely packed 
“deoxy cholate-insoluble particles” behind (3). 

Isolation of ‘‘NaCl-Insoluble Particles” from Tumor Microsomes—The 
microsome pellets were homogenized in an ice-cold medium containing 0.5 
u NaCl, 0.005 m MgCls, and 0.01 m Tris buffer, pH 7.6. After standing 
10 minutes, the suspension was centrifuged for 2 hours at 105,000 X g. 
The supernatant fluid was discarded, and the well packed, nearly colorless 
pellet of “‘NaCl-insoluble particles” was rinsed with ice-cold distilled water 
and suspended in Medium A as above. 

To reduce the centrifugation time, this procedure was abbreviated as 
follows. Concentrated solutions were added to the water lysate of the 
tumor cells to give a final concentration of 0.5 m NaCl, 0.005 m MgCl, 
and 0.01 m Tris buffer, pH 7.6. After standing 10 minutes, the gelatinous 
material, including nuclei and whole cells, was removed by centrifugation 
at 15,000 X g for 10 minutes. The supernatant fluid was centrifuged at 
105,000 < g for 2 hours to give a pellet of NaCl-insoluble particles similar 
to that described above. The supernatant fluid containing the soluble 
cell fraction in 0.5 m NaCl was discarded, as it was not found possible to 
obtain satisfactory pH 5 enzymes from it. 

Incorporation of C'-Amino Acids into Proteins of Whole Tumor Cells— 
Warm ascitic fluid was collected from nine to twelve mice. Enough 1 m | 
Tris buffer, pH 7.6, and 1 m glucose were added to give a final concentra- 
tion of 0.02 m Tris buffer and 0.04 m glucose, and the mixture was shaken 
in air in @ large Erlenmeyer flask for 1 minute at 37° for temperature 
equilibration. 0.11 volume of 0.05 to 0.10 m L-leucine-C™ or 0.05 to 0.10 
v L-valine-C was added rapidly and the incubation continued. Aliquots 
were removed at intervals. The period of incorporation was regarded as 
the time from the addition of the C'-amino acid to the time the tube con- 
taining the aliquot entered an ice bath. The tumor cells in each aliquot 
were washed and lysed, a sample was taken for analysis of whole cell pro- 
tein, and the remainder fractionated to give deoxycholate-insoluble par- 
ticles, the deoxycholate-soluble fraction of the microsomes, and pH 5 en- 
rymes. 

Incorporation of C'-Amino Acids into Proteins of Cell-Free Systems from 
Tumor—The 1.0 ml. incubation mixture contained a suspension of micro- 
somes or NaCl-insoluble particles, plus pH 5 enzymes, C"*-amino acid, 
ATP, GTP, phosphoenol pyruvate (PEP), and pyruvate kinase in the 
amounts shown in Tables II to IV. After incubation for 15 minutes at 
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37° in air, the reaction was stopped by addition of 10 ml. of cold 0.5 x 
perchloric acid and the precipitate treated as described below. 

Analyses—Samples were precipitated and washed with cold 0.5 n per. 
chloric acid, extracted twice with a mixture of alcohol, ether, and chloro. 
form (2:2:1), and treated with 1 n NaOH for 1 hour at room temperature, 
The suspension was acidified with 6 N HCl, centrifuged, and the super. 
natant fluid saved for RNA analysis. The precipitate was extracted with 
0.5 N perchloric acid at 70° for 15 minutes to remove deoxyribonucleic acid 
(DNA) in the case of whole cell material. The protein was then washed 
once with cold 0.5 n perchloric acid, twice with acetone, and dried at 110° 
for 5 hours in the tared centrifuge tubes. After the protein dry weight was 
obtained, the protein was ground, plated, and assayed for C™ (23). Six 
samples of dried tumor protein prepared in this way were analyzed by the 
Kjeldahl method and found to contain 14.9 per cent nitrogen. Represen- 
tative dried protein samples from whole cell and cell-free incorporation 
experiments were analyzed for adsorbed radioactivity by the ninhydrin- 
CO, method, with inert alanine added as carrier (24). No C™ appeared 
in the evolved COs. 

RNA was determined from the absorbance at 260 my of the acidified 
NaOH extract by using a Beckman model DU spectrophotometer (25), 
An extinction coefficient of 36.0 per mg. per ml. per cm. for Ehrlich ascites 
tumor RNA was used. This coefficient was obtained by analyzing the 
extracts from four tumors by the orcinol method (26) and for absorbance 
at 260 my. The standard for the orcinol method was a sample of yeast 
RNA of known phosphorus content. DNA was determined on the hot 
0.5 n perchloric acid extract by the diphenylamine reaction (27). 

The protein concentration of the solution of pH 5 enzymes was deter- 
mined by the turbidimetric method (19). 


RESULTS AND DISCUSSION 


Isolation and Characterization of Ribonucleoprotein Particles—When the 
washed Ehrlich ascites tumor cells were suspended in 10 volumes of ice- 
cold distilled water for 5 minutes, microscopic examination showed lysis of 
most of the cells and the appearance of free nuclei. When the lysate was 
centrifuged for 10 minutes at 15,000 X g after the addition of sucrose toa 
concentration of 0.25 m, neither whole cells nor DNA was present in the 
supernatant fluid. Approximately 45 per cent of the RNA and 39 per 
cent of the protein of the whole cells remained in this supernatant fluid 
(Table I). If 90 per cent of the RNA in these tumor cells is in the cyto 
plasm (13), then one-half of this cytoplasmic RNA has been extracted by 
the lysis procedure. More protein but no more RNA was extracted by 8 
longer period of lysis. The incorporation of C-amino acids into protein 
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by the cell-free extract was neither increased nor decreased by longer 
lysis. ‘The extraction of RNA and protein was reduced if less than 10 
yolumes of water was used. 

When the 15,000 X g supernatant fluid was centrifuged at 105,000 X g 
for 2 hours, 36 per cent of the RNA and 7.6 per cent of the protein of the 
whole cells were found in the microsome pellet. This tumor microsome 
fraction contained 32 per cent RNA in the RNA plus protein,‘ in contrast 
with liver microsomes which contained 11 per cent RNA (3). The high 
RNA to protein ratio indicates the relatively low content of membranous 


TABLE I 
Recovery of RNA and Protein in Tumor Cell Fractions 


Per cent recovery 
Per cent RNAtin 
RNA protein* 


RNA Protein 


15,000 X g supernatant fluid............ 45 39 
Deoxycholate-insoluble particles... .... 32 2 
NaCl-insoluble particles................ 34 3 


The values are average values from several experiments. 
* See the text, footnote 4. 


material in the tumor microsomes. Centrifugation for only 1 hour at 
105,000 X g or at a lower speed gave pellets with less total RNA but with 
the same RNA to protein ratio. 

The tumor microsomes were fractionated further by treatment with 
either deoxycholate or 0.5 m NaCl, followed by centrifugation again at 
105,000 * g for 2 hours. The pellet of deoxycholate-insoluble particles or 
NaCl-insoluble particles contained about 33 per cent of the RNA and 3 
per cent of the protein of the whole cells. The per cent RNA was 50 to 
544 in these ribonucleoprotein particles. Deoxycholate usually gave the 
higher values in this range. 

The NaCl-insoluble particles were faintly colored, whereas the tumor 
microsomes were pink. The absorption spectrum in the visible range of 
tumor microsomes made soluble with deoxycholate, and of the NaCl- 
soluble material of tumor microsomes, resembled that of the cytochrome 
b, of liver microsomes (9) both before and after reduction with dithionite. 
The NaCl-insoluble particles showed no absorption peaks in the visible 

‘Per cent RNA in RNA plus protein in this paper means per cent RNA by weight 


inthe combined RNA plus protein. Lipide, glycogen, salts, etc., that may be present 
in the preparation are not considered. 
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range. It appears that cytochrome ),, or a similar cytochrome, exists in 
the tumor microsomes, and that it is made soluble by 0.5 m NaCl, just as 
it is by deoxycholate in the case of liver microsomes. 

The tumor microsomes, deoxycholate-insoluble, and NaCl-insoluble par. 
ticles were compared in the analytical ultracentrifuge (Fig. 1). The tumor 


MICROSOMES, 
~50 


5S MIN. 21 MIN. 
DEOXYCHOLATE NaCl 
INSOLUBLE INSOLUBLE 


50- 


25 MIN, 49 MIN. 


Fic. 1. Ultracentrifugal analyses of microsomes, deoxycholate-insoluble, and 
NaCl-insoluble particles, prepared from the same tumor and suspended in Veronal- 
acetate buffer ([/2 = 0.1 and pH 8.5) at a concentration of particles of approxi- 
mately 1.5 per cent. These patterns were obtained at 37,020 r.p.m. and 22° in the 
Spinco model E ultracentrifuge. The time after the centrifuge had reached full 
speed is given under each pattern. The sedimentation rate (corrected to 20° and 
water) is indicated beside each peak. The arrow indicates the direction of sedi- 
mentation. 


microsomes showed a prominent B peak (50 S) and C peak (43 S), in agree- 
ment with the results reported by Petermann on this and other tumors 
(5). There was a small amount of more rapidly sedimenting inhomoge- 
neous material apparent as a shoulder on the B peak in the 5 minute micro- 
some pattern. The small size of this shoulder again indicates the low 
proportion of membranous component in the tumor microsomes. In the 
5 minute patterns of the deoxycholate- and NaCl-insoluble particles (not 
seen in Fig. 1), this shoulder was absent. 

The deoxycholate-insoluble particles showed three major peaks with 
sedimentation rates of 57, 54, and 50S. Thus, deoxycholate has caused 


* Dr. Kar] Schmid kindly performed the ultracentrifugal analyses. 
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the separation of a third major peak in this range. The NaCl-insoluble 
particles also showed three major peaks, since the one with the sedimen- 
tation rate of 21 S (Fig. 1) separated into two peaks before reaching the 
bottom of the cell. The sedimentation rates of these NaCl-insoluble par- 
ticles are only about one-half the values above. NaCl may have altered 
the size or shape of the particles. It seems unlikely that these low rates 
are due to extraction of protein, since the RNA to protein ratio is no higher 
than in the deoxycholate-insoluble particles. Furthermore, the NaCl-in- 
soluble particles had the same specific activity after incorporation of labeled 
amino acids in whole tumor cells as the deoxycholate-insoluble particles, 
and were active in the cell-free incorporation system (see below). 

Electron micrographs were taken of unstained, unshadowed prepara- 
tions of tumor microsomes and particles (3).6 The deoxycholate-insoluble 
particles appeared quite similar in density, size, and uniformity to those 
from liver. ‘The NaCl-insoluble particles varied in electron density but 
were Otherwise similar. Tumor microsomes contained, in addition to many 
free particles, poorly defined, less dense material which did not take the 
form of flattened vesicles as in liver microsomes. 

Incorporation of C'-Amino Acids into Proteins of Whole Tumor Cells— 
Incorporation of C'-amino acids into tumor cell proteins occurred at a 
rapid rate when whole ascitic fluid was fortified with glucose and buffer 
and incubated in air with the C''-amino acid immediately after the fluid 
was obtained from tumor-bearing mice. An average rate of 4 per cent 
labeling of whole cell protein-leucine per hour’ (33 umoles of leucine per 
gm. of protein per hour), calculated from the initial 10 minute incorpora- 
tion, was obtained with tumor cells 7 days after transplantation, and by 
using a saturation level of L-leucine-C™ (10 wmoles per ml.).. Older tumors 
gave slower rates. Such incorporation is more than enough to account for 
the rate of division of these cells in vivo (29). It is several times higher 
than any incorporation so far reported for normal tissues of higher or- 
ganisms (30), and than the values obtained with Ehrlich ascites tumor 
cells which had been washed and suspended in a saline medium (15, 16). 
Warburg and Hiepler have reported that ascites tumor cells show the 
highest metabolic rates when incubated in their own ascitic fluid (31). 

Aliquots of the whole ascitic fluid were removed at several times during 
the incubation, and the tumor cells of each aliquot fractionated (Fig. 2). 
The incorporation into the ribonucleoprotein particles (deoxycholate-in- 


* We are most grateful to Dr. Jerome Gross for the electron microscopy. 

’Per cent labeling of protein-leucine = counts per minute per mg. of protein X 
100 divided by counts per minute per mg. of added leucine-C™ X 0.1 mg. of leucine 
per mg. of protein. This calculation assumes that the proteins concerned con- 
tained 10 per cent leucine (28). Per cent labeling of protein-valine was calculated 
in the same way by assuming 5 per cent valine in the protein. 
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soluble) was much faster than that into the other cell fractions during the 
first 3 minutes. Thereafter, incorporation into the particles did not in. 
crease, as if a steady state had been reached asin liver. Incorporation into 
the other cell proteins continued at a nearly linear rate for the duration of 
the experiment. Identical results were obtained when t-leucine-C™ was 
used instead of L-valine-C", and when the ribonucleoprotein particles were 
isolated by the use of NaCl instead of deoxycholate. Thus, when in one 


DEOXYCHOLATE 49 
z 50} SOLUBLE | 100} 
= DEOXYCHOLATE 
40t DEOXYCHOLATE 75} INSOLUBLE 
INSOLUBLE 
30} 4 
50} 
s 54 2 
> °F pH 5 ENZYMES $ 
a = WHOLE. 
10 15. 20 25. 30 2 a 6 8 
TIME IN MINUTES TIME IN MINUTES 
Fic. 2 Fic. 3 


Fic. 2. Time curve of incorporation of L-valine-C™ into proteins in whole tumor 
cells in vitro. Warm ascitic fluid from mice 11 days after transplantation of the 
tumor was fortified with glucose and buffer and incubated with 5 uzmoles of L-valine- 
C* (9.0 X 10‘ c.p.m. per mg.) per ml. as described under ‘‘Materials and methods.” 
For each time point an aliquot was cooled and the cells fractionated. The per cent 
RNA (see the text, footnote 4) of the deoxycholate-insoluble particles is indicated 
on the chart for each sample. The per cent RNA averaged 8 for the whole cells, 4 
for the pH 5 enzymes, and 11 for the deoxycholate-soluble fraction of the microsomes. 

Fic. 3. Time curve of incorporation of L-leucine-C" into proteins in whole tumor 
cells in vitro. Warm ascitic fluid from mice 10 days after transplantation of the tu- 
mor was fortified and incubated with 5 uwmoles of L-leucine-C™ (7.9 X 10‘ c.p.m. per 
mg.) per ml. as under ‘‘Materials and methods.”” The per cent RNA (see the text, 
footnote 4) of the deoxycholate-insoluble particles is indicated on the chart for each 
sample. The per cent RNA of the whole cells averaged 8.3. 


experiment NaCl-insoluble particles were isolated from one-half the cells 
and deoxycholate-insoluble particles from the other half, both preparations 
showed the same specific activity. 

The soluble cell proteins not precipitated at pH 5 have been found, in 
other experiments, to have a lower rate of incorporation than whole cell 
protein. Nuclear and mitochondrial cell fractions have not been studied 
in this work. An independent synthesis of protein within the nucleus has 
been indicated by the recent experiments of Allfrey, Mirsky, and Osawa 
(32). 

The maximal per cent labeling’ of the tumor ribonucleoprotein particles 
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issimilar to that obtained with liver particles in vivo (3). In the experi- 
ment on 11 day-old tumor cells (Fig. 2), 0.73 per cent of the ribonucleo- 
protein valine was labeled when the steady state was reached. In an 
experiment with leucine-C™ on 7 day-old cells, 1.3 per cent of the ribonu- 
deoprotein-leucine was labeled in the steady state. 

That the steady state in the whole cells is due to the release of labeled 
polypeptide chains rather than to the release of labeled amino acids by a 
reversal of incorporation is suggested by the following experiment. La- 
beled tumor microsomes, obtained from whole tumor cells incubated in 
ascitic fluid for 5 minutes with L-leucine-C™“, were then incubated for 15 
minutes with non-radioactive L-leucine (10 umoles per ml.) and seventeen 
other L-amino acids (each 1 umole per ml.), plus ATP, GTP, PEP, pyru- 
vate kinase, and pH 5 enzymes at the concentrations used for cell-free 
incorporation. The protein after incubation had the same specific ac- 
tivity as before, showing that the incorporation into the particles is not 
reversible under the conditions of active cell-free incorporation. 

These experiments in vitro with ascites tumor cells provide an oppor- 
tunity to compare the initial incorporation into ribonucleoprotein particles 
and into whole cell proteins. In the experiment in Fig. 3, the tumor cells 
contained 8.3 per cent RNA or 9.1 mg. of RNA per 100 mg. of whole cell 
proteins. According to Goldberg, Klein, and Klein (13) 90 per cent of 
the RNA in the ascites tumor cell is cytoplasmic, or in this case 8.2 mg. of 
cytoplasmic RNA per 100 mg. of whole cell proteins. If this was all in 
ribonucleoprotein particles which contain equal amounts of RNA and pro- 
tein, 8.2 per cent of the whole cell proteins was in the particles. In Fig. 
3, the observed initial rate of incorporation into the particles (from 1 to 2 
minutes) was 9 times as rapid as the average rate of incorporation into 
whole cell proteins throughout the experiment. If all the C-amino acid 
incorporated into whole cell proteins had to pass through the particles, 
the initial rate of labeling of particles in Fig. 3 should have been about 12 
times, 7.e., 100 divided by 8.2, the rate of labeling of whole cell proteins. 
The observed results are consistent with the concept that most of the 
amino acids incorporated into whole cell proteins pass through the ribo- 
nucleoprotein particles. Even more of the total incorporation could occur 
by this pathway if labeled protein is released from the ribonucleoprotein 
particles before the steady state is reached. 

Cell-Free Incorporation of C''-Amino Acids by Tumor Microsome-pH 6 
Enzyme System—A cell-free system which incorporates C-amino acids 
into protein can be prepared from the Ehrlich ascites tumor (Table IT). 
This system is quite similar to that from liver (18), and the microsomes or 
pH 5 enzymes from the tumor are interchangeable with the corresponding 
fraction from liver without loss of activity. Microsomes and soluble cell 
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fractions from butter-yellow hepatomas have also been found to be inter. 
changeable with those from liver (unpublished experiments of P. C. Za. 
mecnik). It seems likely that there is an identical mechanism for amino 
acid activation by soluble enzymes in these tissues. 

The incorporation in this tumor system depended on the addition of 
PEP, but it was not necessary to add pyruvate kinase (Table II). Con. 
siderable activity occurred in the absence of added GTP, perhaps because 
of residual GTP or GDP in the cell fractions used. 

Various substances were added to this system in an effort to increase the 
activity. No stimulation was obtained by adding a crude mixture of 


II 
Requirements for Incorporation of u-Leucine-C' into Protein 
in Tumor Microsome-pH & Enzyme System 


C.p.m. per mg. protein 
minus microsomes*.............. 3 
“pH 5 enzymes’*............ 36 
“pyruvate kinase........... 109 


The complete system contained microsomes (3.0 mg. of protein), 4.4 mg. of pH5 
enzymes, 0.05 mg. of pyruvate kinase, 10 wmoles of PEP, 1.0 umole of ATP, 0.3 
umole of GTP, and 0.1 uwmole of t-leucine-C™ (4.9 K 10° c.p.m. per mg.), in a final 
volume of 0.95 ml. Incubated 15 minutes at 37° in air. 

* Added after incubation to give the same amount of protein in all the flasks for 
C' assay. 


nucleotides from yeast or a mixture of seventeen L-amino acids (each 0.1 
pmole per ml.) in addition to the one C'4-amino acid. Substitution of the 
whole soluble cell fraction of the tumor, concentrated by lyophilization, or 
the whole soluble cell fraction of liver for the pH 5 enzymes of tumor did 
not increase the activity. 

Cell-Free Incorporation of C'4-Amino Acids by Tumor Particle-pH 5 En 
zyme System—When the tumor NaCl-insoluble particles were substituted 
for the tumor microsomes in the cell-free system, active incorporation into 
protein occurred (Table III). Thus, the membranous component of the 
microsomes is not essential for incorporation. Approximately equal 
amounts of protein of pH 5 enzymes and particles gave the highest activity. 
This system differed from the previous cell-free systems in the low ac 
tivity in the absence of added pH 5 enzymes. (It is therefore the most 
appropriate system for any study of the soluble enzymes required for in- 
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corporation.) Furthermore, an ATP-generating system was not required, 
as full activity was obtained with 10 wmoles of ATP per ml. (Fig. 4). 
This may be due to the low adenosinetriphosphatase activity in the tumor 
particles and pH 5 enzymes. When a suspension of NaCl-insoluble par- 
tiles was incubated with 10 uwmoles of ATP per ml. for 15 minutes at 37°, 
the phosphate liberated was one-half that liberated by tumor microsomes 
containing an equal amount of RNA. There was also apparently less 


TaBLeE III 
Requirements for Incorporation of u-Leucine-C' into Protein 
in Tumor Particle-pH & Enzyme System 
The values are given in counts per minute per mg. of protein. 


“treated with Dowex 1..................... 89 90 
1 minus particles*..... 2 
‘cc 66 pH 5 enzymes* 5 


The complete system contained, in a final volume of 1.0 ml., NaCl-insoluble par- 
ticles, pH 5 enzymes, 0.1 uzmole of L-leucine-C"™ (4.9 X 10° c.p.m. per mg.), and either 
the ATP-generating system (10 umoles of PEP, 0.1 mg. of pyruvate kinase, 1.0 umole 
of ATP, and 0.25 umole of GTP) or the ATP system (10 umoles of ATP and 0.1 umole 
of GTP). Incubated 15 minutes at 37° in air. For the Dowex 1-X8 acetate treat- 
ment, 90 ml. of the 15,000 X g supernatant fluid of a water lysate were treated with 
15 gm. of Dowex 1-X8 acetate for 3 minutes at 4°. After removal of the resin by 
filtration, NaCl-insoluble particles were prepared from one-half of the filtrate, and 
pH 5 enzymes from the other. 

* Added after incubation, to give the same amount of protein in all the flasks for 
assay. 


adenosinetriphosphatase activity in the pH 5 enzymes from the tumor than 
in those from liver, since, when the latter was combined with tumor par- 
ticles, the incorporation was active only in the presence of an ATP-generat- 
ing system. 

The tumor particle-pH 5 enzyme system was saturated by a very low 
concentration of GTP, 0.05 umole per ml. (Fig. 5). This was demonstrated 
only after treating the tumor cell lysate with Dowex 1-X8 acetate to re- 
duce the nucleotides in the preparation. Just as in the liver system (18), 
ATP was required, even when a large amount of GTP was added. 10 
umoles of GTP per ml. in the absence of ATP gave only 22 per cent of full 
activity. The combination of 10 wymoles of GTP per ml. and 1 umole of 
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ATP per ml. gave only 52 per cent of full activity. GDP was nearly ag 
active as GTP at low concentrations (Fig. 5). 

The addition of cytidine triphosphate and uridine triphosphate (each 
0.25 umole per ml.) to the ATP and GTP did not increase the activity, 
There was no stimulation from the addition of 0.5 umole per ml. of the 
diphosphates of adenosine, guanosine, cytidine, and uridine, although these 
compounds may be precursors of RNA (33). There was no stimulation 
from a mixture of seventeen L-amino acids (each 0.2 umole per ml.) in ad. 


a 
= 100} 40} 
= 
2 
& a. 

0] 
= = 
a 
10 20 0.2 
ATP pMOLES/ML GTP or GDP yMOLES/ML 
Fia. 4 Fia. 5 


Fic. 4. ATP requirement of the tumor particle-pH 5 enzyme system. Each 
tube contained NaCl-insoluble particles (1.6 mg. of protein) , 3.0 mg. of pH 5 enzymes, 
0.25 umole of GTP, and 0.1 umole of L-leucine-C™ (4.9 X 10° c.p.m. per mg.), ina 
final volume of 1.0 ml. Varying amounts of the monomagnesium salt of ATP were 
added. Incubated 15 minutes at 37° in air. 

Fic. 5. GTP or GDP requirement of the tumor particle-pH 5 enzyme system. 
The tumor cell lysate was treated with Dowex 1-X8 acetate, as in Table III, to reduce 
the nucleotides in the cell fractions. Each tube contained NaCl-insoluble particles 
(0.9 mg. of protein), 2.0 mg. of pH 5 enzymes, 10 uwmoles of ATP, and 0.1 umole of 
L-leucine-C™ (4.9 X 10° c.p.m. per mg.), in a final volume of 1.0ml. After incubation 
for 15 minutes at 37° in air, 3.0 mg. of crystalline bovine serum albumin were added 
to each tube to increase the amount of protein for the C'* assay. The counts per 
minute per mg. of protein have not been corrected for this inert protein. 


dition to the one C"-amino acid. Substitution of the whole soluble frae- 
tion of liver for the pH 5 enzymes of tumor did not increase the activity. 
This suggests that the tumor system is not deficient in any of the cofactors, 
nucleotides, or amino acids which are present in relatively high concen- 
tration in the liver-soluble fraction. 

Valine-C™, isoleucine-C™, alanine-C™, and phenylalanine-C™ were each 
incorporated at a rate comparable to that of leucine-C'*. When pt-lev- 
cine-C™ at 0.25 umole per ml. was used, the incorporation was reduced $7 
per cent by the addition of 10 uwmoles of non-isotopic L-leucine per ml, 
indicating the specificity of this system for the L isomer. 

The activity of the system was inhibited 28 per cent by the addition o 
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0.17 of crystalline ribonuclease per ml. to the incubation mixture, and 100 
pr cent by 1 y per ml. On the other hand, the labeling of proteins in 
whole tumor cells described above was not affected by the addition of 200 
, of ribonuclease per ml. to the whole ascitic fluid. 


TABLE IV 


Fractionation after Incorporation of Leucine-C'4 into Protein 
in Liver and Tumor Cell-Free Systems 


P 
Per cunt 
Cell-free system Fractions isolated after incubation} 4.;, | RNA |RNA in Protein of ribo- 
[RNA + nucleo- 
|protein*® 
c.p.m 
mg. mg. c.p.m. | per 
mg. 
Liver microsomes- | Microsomes, deoxycho- 5|3.8]| 44 945 | 190 
soluble proteins late-insoluble 
(3) Microsomes, deoxycho- | 30 | 1.0 3 708 | 24 
late-soluble 
Soluble proteins 145 | 3.7 3 910 6 
Liver microsomes- | Microsomes, deoxycho- 45 910 | 0.20 
proteins late-insoluble 
(3) 
Tumor micro- | Microsomes, deoxycho- | 10 | 8.3 | 45 | 3300 | 340 | 0.07 
somes-pH 5 en- late-insoluble 
zymes Microsomes, deoxycho- 71} 0.5 7 450 | 65 
late-soluble 
pH 5 enzymes 33 | 1.0 3 | 1850] 56 
Tumor particles- | NaCl-insoluble particles 9|7.4| 45 | 1960 | 220 | 0.05 
pH 5 enzymes pH 5 enzymes 11 | 0.9 8 455 | 41 


Incubations and subsequent fractionations were carried out as described under 
“Methods.’’ Unlike the others, the first experiment above was not performed with 
a saturation concentration of leucine-C'. It is included to indicate the relative, 
not the maximal, incorporation into the three cell fractions. 0.25 umole of pL- 
leucine-C" (4.5 X 106 c.p.m. per mg.) per ml. was used in the second experiment and 
0.1 umole of L-leucine-C'* (4.9 K 10° c.p.m. per mg.) per ml. in the third and fourth 
experiments. 

* See the text, footnote 4. 

t See the text, footnote 7. 


The distribution of labeled protein in cell fractions separated from this 
system after incubation is given in Table IV. For comparison, the tumor 
microsome-pH 5 enzyme system and the liver system (3) are included. 
The particles showed the highest specific activity in each case. Further- 
more, they contained over 80 per cent of the labeled protein in the tumor 
particle-pH 5 enzyme system. 
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The incorporation in the tumor cell-free system, as in that from liver, 
was most rapid during the first 10 minutes of incubation at 37°, but some 
activity continued beyond this time (Fig. 6). If fresh particles were added 
to the system after 15 minutes of incubation, there was additional in. 
corporation, suggesting that it is the particles which rapidly become in. 
active at 37°. In this regard Petermann has reported that the ribonucleo- 
protein particles, particularly Component C, are unstable on dialysis or 
standing at 4° (5), and that liver contains a dialyzable factor which tends 
to stabilize the particles (11). We have compared the ultracentrifugal 
patterns of tumor microsomes and NaCl-insoluble particles, each incubated 
15 minutes at 37°, and non-incubated controls. Incubation reduced the 
size of Component C of the microsomes, and almost abolished the more 


4 
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CPM/MG PROTEIN 


% io 20 30 40 
TIME IN MINUTES 


Fic. 6. Time curve of incorporation of L-leucine-C™ into protein by tumor par- 
ticle-pH 5 enzyme system. Each tube contained NaCl-insoluble particles (3.4 
mg. of protein), 2.1 mg. of pH 5 enzymes, 10 uwmoles of ATP, 0.25 umole of GTP, and 
0.1 umole of t-leucine-C' (4.9 K 106 c.p.m. per mg.), in a final volume of 1.0 ml. 
Incubated at 37° in air for the periods indicated. 


slowly sedimenting peak of the NaCl-insoluble particles, which may corre- 
spond to Component C. For these reasons we feel that the slowing of in- 
corporation in the cell-free system after 10 minutes of incubation at 37° is 
due to changes in the particles during this time. 

The instability of the particles may also account for differences in per 
cent labeling of ribonucleoprotein particles in the liver and tumor cell- 
free systems. The last column of Table IV shows that the per cent label- 
ing of ribonucleoprotein-leucine’ was greater in the liver system than in 
either tumor system. We have been unable to obtain more rapid or pro- 
longed incorporation in the tumor systems by various modifications of the 
fractionation technique or additions to the incubation mixture. Since the 
liver cell-free system contains more of the membranous component of the 
microsomes and is more active, this membranous component may con- 
tribute, in some way, to the incorporation into the particles under cell-free 
conditions, Yet whole tumor cells, which contain relatively small amounts 
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of membranous component (14), incorporate C'-amino acids into protein 
at a higher rate than liver in vivo. We are inclined to attribute the lower 
activity of the tumor cell-free systems to the different cell fractionation 
techniques used for liver and the tumor, and to the instability of the par- 
ticles, especially Component C. Clarification of the mechanisms of amino 
acid incorporation into and protein release from the ribonucleoprotein 
particles may well require better conditions for their preparation and main- 
tenance. Bacteria (34), yeast (35), or plants (36) may be a preferable 
source of particles for such studies. 


SUMMARY 


A cell-free system which incorporates C'4-amino acids into protein can 
be prepared from the Ehrlich mouse ascites tumor. The cell fractions re- 
quired are ribonucleoprotein particles, containing equal amounts of ribo- 
nucleic acid (RNA) and protein, which can be isolated from the micro- 
somes of the tumor by the use of 0.5 m NaCl, plus enzymes precipitated 
at pH 5 from the soluble proteins of the tumor cell. The soluble enzymes 
catalyze the carboxy] activation of free amino acids, while the ribonucleo- 
protein particles are the locus of over 80 per cent of the total incorporation. 
The energy requirement for the incorporation is provided by 10 uwmoles of 
adenosine triphosphate (ATP) per ml. (Guanosine triphosphate or di- 
phosphate, 0.1 wmole per ml., and the C'4-amino acid complete the system. 

This cell-free amino acid incorporation system represents a simplifica- 
tion of that previously described from liver. Active incorporation into 
ribonucleoprotein occurs without the membranous component of the mi- 
crosomes. It is entirely dependent on the addition of soluble enzymes. 
An ATP-generating system is not required. 

When whole tumor cells are incubated in ascitic fluid with a C4-amino 
acid, the initial incorporation into whole cell protein is at a rate, e.g. 33 
umoles of leucine per gm. of protein per hour, which is more than adequate 
to account for the known rate of division of such cells in vivo. The ribo- 
nucleoprotein particles, which are estimated to contain 8 to 9 per cent of 
the whole cell proteins, are labeled up to 9 times more rapidly than whole 
cell proteins. This is consistent with the concept that most of the amino 
acids incorporated into whole cell proteins pass through the ribonucleo- 
protein particles. 


We wish to thank Dr. Joseph C. Aub for all he has done to make this 
work possible, Dr. Paul C. Zamecnik for most valuable advice and interest 
throughout, Dr. Robert B. Loftfield for the C'-amino acids and helpful 
discussions, Dr. Jesse F. Scott for advice on the RNA analyses, Mrs. 
Meredith A. Hannon for technical assistance, and Mr. Fred E. Mapple- 
beck for transplantations of the tumor and care of the animals. 
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THE “INACTIVATION” OF FOLIC ACID BY LIVER 


By SIDNEY FUTTERMAN anp MILTON SILVERMAN 


(From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, United States Public Health Service, Bethesda, Maryland) 


(Received for publication, July 5, 1956) 


The inactivation of folic acid (FA) by cell suspensions of Streptococcus 
faecalis was reported by Stokes and Larsen in 1945 (1). There have since 
been many reports of the biological inactivation of FA and related com- 
pounds (1-12). The aerobic inactivation of FA and N!°-formylfolic acid 
by extracts of liver was stimulated by diphosphopyridine nucleotide (DPN) 
(7). The inactivation of FA by liver slices (8), a liver extract (9), and 
suspensions of Lactobacillus casei cells (10), of citrovorum factor (CF) in 
the presence of a liver enzyme and glutamic acid (11), and of Aminopterin 
(4-aminofolic acid) by cultures of Aerobacter aerogenes (12) in each instance 
was accompanied by the formation of a diazotizable amine with the chro- 
matographic and spectral properties of p-aminobenzoylglutamic acid. 
These studies indicated that pterins were inactivated by cleavage of the 
molecule between Cy, and N!®. We have obtained evidence that the inac- 
tivation of FA by a chicken liver extract occurs by enzymatic conversion 
of FA to a labile-reduced derivative, followed by non-enzymatic cleavage 
of the labile derivative upon exposure to air. 


Methods 


A liver extract capable of inactivating FA was prepared from commercial 
chicken liver. All operations were carried out at 2°. The liver was thawed 
in 2 volumes of 0.1 m potassium phosphate buffer, pH 6.0, minced, and 
homogenized in a Waring blendor for 15 seconds. The homogenate was 
centrifuged for 10 minutes in a Servall SS-1 centrifuge at top speed (about 
25,000 X g). The supernatant liquid containing the bulk of the activity 
was dialyzed against distilled water for 16 to18 hours. The dialyzed prep- 
aration was adjusted to pH 6.0 and the insoluble residue was removed by 
centrifugation as above. This frozen extract could be stored indefinitely 
without loss of activity. 

The extract was incubated at 37° in 15 K 125 mm. test tubes with FA 
and additional supplements. The reaction was stopped by placing the 
tubes in a boiling water bath for 1 minute, and diazotizable amine forma- 
tion was estimated by the Bratton-Marshall method (13) in which p- 
aminobenzoic acid (PABA) was employed as a standard. Identical 
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results were obtained when the reaction was stopped by the addition of 
trichloroacetic acid. 

Reaction mixtures were assayed for FA activity with S. faecalis R and 
CF activity with Leuconostoc citrovorum (14). 

Aminopterin was provided by Dr. P. F. Hopper and Dr. J. M. Smith, 
Jr., of the Calco Chemical Division, American Cyanamid Company, 
Bound Brook, New Jersey, and was freed of contaminants by chromatog. 
raphy on a Solka-Floc column by employing 0.05 m NasHPQO,, pH 8.0, as 
a developing solvent. 


EXPERIMENTAL 


When FA was incubated with an undialyzed chicken liver extract, a 
stoichiometric relationship was observed between the decrease in FA 


TABLE I 
FA Inactivation and Diazotizable Amine Formation by Chicken Liver 


30 min. 60 min. 90 min. 120 min. | 270 min. 
Arylamine,* Aumoles................... +10.1 | +23.3 | +27.8 | +30.4 | +31.9 
S. faecalis activity,f Aumoles.......... —9.6 | —21.4 | —27.7 | —31.6 | —34.2 


140 ml. of dialyzed chicken liver extract, 10 mmoles of potassium phosphate buffer, 
pH 6.0, 136 wmoles of DPN, 161 uwmoles of ATP, 400 umoles of MgSO,, 800 umoles of 
citrate, and 45.3 uwmoles of FA in a final volume of 200 ml. were incubated at 37°. 
1.0 ml. samples were removed at the times indicated. 

* PABA employed as a reference standard. 

t FA employed as a reference standard. 


activity and the formation of diazotizable amine. This stoichiometry 
holds for suitably supplemented dialyzed extracts and is illustrated by the 
results shown in Table I. All of the diazotizable amine could be acetylated 
with acetic anhydride (15). In subsequent experiments the reaction was 
followed by measuring arylamine production. 

The arylamine produced is p-aminobenzoylglutamic acid (PABGA). 
This conclusion is based on the chromatographic and spectral properties of 
the amine. A purified solution of the amine was prepared by inactivating 
the reaction mixture of Table I by heating at 100° for 5 minutes. Coagu- 
lated proteins were removed by filtration and the filtrate and washing 
were absorbed on 70 ml. of Dowex 50-NH,* resin in a column 3 cm. i 
diameter. The arylamine was eluted with 0.4 N H2SQO, and the latter was 
removed as BaSQ, after the addition of BaCO;. The solution was con- 
centrated and absorbed on 6 ml. of Dowex 1-formate in a column 1 cm.i 
diameter. The resin was washed with 10 ml. of water and 30 ml. of | 
per cent formic acid, and the arylamine was eluted with 2 per cerit form 
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acid. ‘The arylamine was then absorbed on 3 ml. of Dowex 50-H*+ in a 
column 1 cm. in diameter and eluted with 0.5 Nn H2SOQ,. The sample was 
freed of H2SO, with BaCO;, then filtered free of BaSO,, and concentrated 
to 2.5 ml. This solution contained 65 per cent of the arylamine initially 
present. In four solvent systems, the arylamine from the reaction mixture 
migrated on paper at the same rate as did PABGA. Only one arylamine 
spot was present (Table II). After hydrolysis of 1.73 umoles of aryl- 
amine, 1.63 wmoles of PABA and 1.43 umoles of L-glutamic acid were 
formed. The identification of PABA was based on chromatographic 


TABLE II 
Paper Chromatography of Arylamine before and after Acid Hydrolysis 
Migration of spots from origin, cm. 
Diazotizable amine a-Amino acid 
Solvent 
PABGA /Arylamine| PABA acid 
ihydrolysis hydrolysis 

Potassium phosphate buffer, 

n-Propanol-H:O0 (70:30), 

Propanol-butanol-0.1 m HCl 

(2:2:1) by volume........ 12.5 12.5 19.5 19.3 7.1 7.3 
Butanol-acetic acid-water 

(50:20:30) by volume..... 16.1 16.1 19.5 19.7 7.7 7.8 


Whatman No. 1 paper was employed and solvent mixtures were permitted to 
ascend the strips for 14 to 18 hours. The papers were air-dried and sprayed with 
Bratton-Marshall reagents to reveal diazotizable amine, or with ninhydrin to detect 
glutamic acid. 


evidence (Table II). The identification of glutamic acid as the sole amino 
acid liberated was established by movement on paper (Table II) and by 
assay with Lactobacillus arabinosus (16). 

The arylamine was precipitated as a mercury salt which assayed 91 per 
cent mercury PABG according to the Bratton-Marshall reaction. The 
ultraviolet spectrum in 0.1 N KOH showed maximal absorption at 274 my, 
E = 15.1 X 10%, by sample weight. With synthetic PABGA, maximal 
absorption was observed at 273 my with E = 16 X 10°. The molar 
extinction coefficient of PABGA at pH 13 and 273 my has been reported 
as 15.8 K 10° (17). In each case the maxima observed in 0.1 N KOH were 
abolished in 0.1 N HCl. The arylamine produced during the inactivation 
was, therefore, PABGA derived from FA. 
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Attempts to establish the nature of the residual pteridine portion of the 
FA molecule were unsuccessful. Several fluorescent areas were visible on 
paper chromatograms of the reaction mixture, and none seemed to represent 
a major reaction product. When the material in one of the more prominent 
fluorescent zones was eluted and chromatographed again on paper, it re- 
solved into several fluorescent components. It thus seemed that the in- 
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ML BOILED LIVER EXTRACT 


Fig. 1. Stimulation of enzymatic activity of dialyzed chicken liver extract by 
boiled extract of liver. The boiled extract was prepared by heating a fresh chicken 
liver extract in a boiling water bath for 2 minutes, cooling, and removing the coagu- 
lated protein by brief centrifugation. 0.8 ml. of dialyzed enzyme was incubated 
with 2.7 umoles of DPN, 454 myumoles of FA, 56 wmoles of potassium phosphate 
buffer, pH 6.0, and the indicated amounts of boiled extract in a total volume of 2.3 
ml. at 37° and pH 6.0 for 1 hour. 


activation of FA involved changes in the pteridine portion of the molecule 
as well as cleavage between Cy, and N?° of the FA molecule. 
The capacity of chicken liver extracts to inactivate FA was lost on 


dialysis, and restored by the addition of boiled liver extract (Fig. 1). The 


boiled extract could be replaced by a combination of supplements (Table 
III). Mnt** could be replaced by Cot* or Mgt*, and adenosine triphos- 
phate (ATP) could be replaced by adenosine diphosphate but not adeno- 
sine-5’-phosphate. czs-Aconitate could substitute for citrate, but bI- 
isocitrate, fumarate, and L-malate were much less effective. 

The supplements required for full activity indicated that the mechanism 
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for the inactivation of FA was complex. The need for DPN and citrate 
suggested that a reducing system was involved in the process. Therefore, 
an attempt was made to detect the presence of reduction products of FA 
that possessed microbiological activity. Ascorbic acid was used to prevent 


TABLE III 
Effect of Supplements on FA Inactivation by Dialyzed Enzyme 
MnSO4 Citrate ATP DPN FA-inactivated 
pmoles pmoles pmoles pumoles mymoles 

4 4 3.2 2.7 218 

4 3.2 aa 141 

4 3.2 3.7 27 

4 4 2.7 52 

4 4 3.2 82 

3 


0.8 ml. of dialyzed chicken liver extract, 0.1 mmole of potassium phosphate buffer, 
pH 6.0, 454 mumoles of FA, and supplements as indicated, in a final volume of 2.8 
ml., were incubated at 37° for 1 hour. 


TABLE IV 
Microbiological Activity of Reaction Product 
S. faecal 

Sample Treatment of sample ‘activity, 
Amumoles 

A Autoclaved in medium — 236 0 

B Aseptic with ascorbic acid +22 +154 

C Formylated, autoclaved in medium —4 +220 

Arylamine formed, mumoles +234 


The reaction mixture contained 0.7 ml. of dialyzed chicken liver extract, 0.1 
mmole of potassium phosphate buffer, pH 6.0, 1.36 uwmoles of DPN, 1.61 wmoles of 
ATP, 4 umoles of MgSQO,, 8 umoles of citrate, and 453 mymoles of FA in a final vol- 
ume of 2.0 ml. The mixture was layered with 1 ml. of mineral oil and eine at 
37° for 95 minutes. Samples were prepared as described in the text. 


the oxidation of such reduction products (18) which are known to be un- 
stable (18-21). 

A reaction mixture was layered with mineral oil and incubated for 95 
minutes. Samples were then withdrawn and prepared for assay with S. 
faecalis and L. citrovorum, the results being shown in Table IV. Samples 
from the reaction mixture, which were diluted in water, added to the 
basal medium, and autoclaved (Table IV, A), showed the usual losses in 
S. faecalis activity and possessed no CF activity. A second set of samples 
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(Table IV, B) was diluted in potassium ascorbate solution (pH 6.2, 10 mg. 
per ml.) and added aseptically to assay tubes in which the basal medium had 
previously been sterilized by autoclaving. The concentration of ascorbie 
acid in each of the tubes containing the samples and reference standard 
was adjusted to 10 mg. per tube. Some irregularities were encountered jn 
the S. faecalis assay in the presence of the potassium ascorbate. However, 
under these conditions no loss in FA activity was detected and the forma. 
tion of an appreciable amount of CF activity was observed. 

It was thus apparent that a labile product possessing growth activity for 
both S. faecalis and L. citrovorum had been formed during the incubation, 
It should be noted that the amount of arylamine formed was equivalent to 
the amount of FA inactivated, while considerable CF activity was present 
in samples assayed aseptically. 

The labile product could be formylated and converted chemically to a 
stable active product. For this purpose, a third set of samples (0.1 ml.) 
from the reaction mixture (Table IV, C) was transferred to tubes con- 
taining 1 ml. of 88 per cent HCOOH and 100 mg. of ascorbic acid. The 
tubes were heated at 80° for 1 hour and cooled, 1 ml. of potassium ascor- 
bate solution (100 mg. per ml., pH 6.2) was added, and each tube was di- 
luted to10 ml. 1 ml. aliquots of these solutions received 1 ml. additions of 
the potassium ascorbate solution, were neutralized to pH 6.0 to 7.0 with 
KOH, and then autoclaved for 30 minutes at 10 pounds of steam pressure. 
After dilution in water, the samples showed full activity for S. faecalis 
and activity for L. citrovorum equivalent to the amount of arylamine 
found in samples not protected by ascorbate. The final product of for- 
mylation showed the heat stability and microbiological properties of CF. 

The labile reaction product lost no CF activity upon storage overnight 
in dilute solution at pH 6.2 in the presence of 10 mg. of potassium ascorbate 
per ml. The labile reaction product withstood autoclaving in the presence 
of potassium ascorbate under conditions which have been employed to 
convert N’°-formyltetrahydrofolic acid to CF (18). However, this proce- 
dure did not convert the labile material to a product stable in the absence 
of the reducing agent, indicating that the labile compound is not formylated 
in the 10 position. 

FA inactivation in the presence of the enzyme extract is decreased by 
the addition of Aminopterin to the incubation mixture (Table V). Under 
these test conditions, 50 per cent inhibition of the formation of a reduction 
product of FA occurred when the FA to Aminopterin ratio was approx 
mately 4000. 

A microbiologically active labile substance with the properties of the 
liver reaction product was detected in urine (Table VI). Only a small 
fraction (Table VI, A) of the total CF activity in the urine was CF and 
resisted autoclaving in the basal medium after dilution of the urine to 
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negligible potassium ascorbate concentration. 


37 


About half of the total CF 


activity of urine was detected as CF in samples previously autoclaved with 
potassium ascorbate (‘Table VI, B) and represents CF, anhydro CF, and 


N-formyltetrahydrofolic acid initially present in the urine (22). The 
TABLE V 
Aminoplerin Inhibition of FA Inactivation 
Aminopterin added, myumole........... 0 0.023 | 0.075 | 0.113 | 0.170 
Arylamine formed, mumoles........... 97.5 | 90.7 70.2 38.5 22.7 


The dialyzed extract employed was prepared as described under ‘‘Methods,”’’ 
except that 3 volumes of 0.1 Mm phosphate buffer, pH 6.0, were used. 1 ml. of dialyzed 
chicken liver extract, 0.1 ml. of buffer, pH 6.0, 1.36 wmoles of DPN, 1.61 wmoles of 
ATP, 4 umoles of MgSQO,, 8 umoles of citrate, 454 mumoles of FA, and the indicated 
amounts of Aminopterin in a final volume of 1.9 ml. were incubated at 37° for 1 hour. 


TaBLeE VI 
CF Activity of Human Urine 
CF activity, mumoles per ml. 
Sample Treatment of sample 
10.15 a.m. | 1.15 p.m. | 4.15 p.m. 
A Autoclaved in medium 19 92 241 
B e with ascorbate* 255 824 1710 
C Aseptic with ascorbatet 443 1670 3060 
D Formylated, autoclaved in mediumf 1628 2830 


A normal human subject ingested 100 mg. of FA at 8 a.m. Urine was voided 
directly into a solution of potassium ascorbate to protect labile compounds, and 
samples were assayed for L. citrovorum activity. 

*To 1 ml. of urine, 0.5 ml. of potassium ascorbate (100 mg. per ml., pH 6.2) was 
added. The solution was autoclaved 30 minutes at 10 pounds of steam pressure, 
cooled, and diluted for assay. 

{3 mg. of potassium ascorbate were added per tube. 

{0.2 ml. of urine, 20 mg. of ascorbic acid, and 1 ml. of 88 per cent formic acid were 
heated at 80° for 1 hour. The solution was diluted to 10 ml. and a 1 ml. aliquot was 
autoclaved with potassium ascorbate as described above. 


additional CF activity in urine, about half of the total activity, could be 
detected only in samples that had been diluted in potassium ascorbate 
solution, then added aseptically to the previously autoclaved basal medium, 
and assayed in the presence of 3 mg. of potassium ascorbate per tube (Table 
VI, C). This labile substance was formylated chemically and then con- 
verted by autoclaving in the presence of potassium ascorbate to a product 
stable to heat in the absence of ascorbic acid and possessing the micro- 
biological activities of CF (Table VI, D). 
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DISCUSSION glyc 

It is apparent that one mode of inactivation of FA in the presence of the | 

chicken liver enzymes involves the enzymatic conversion of FA to a micro. acta 

biologically active labile reduced derivative and subsequent inactivation by -— 
non-enzymatic cleavage of this labile product. In the absence of a re. 

ducing agent the enzymatic reaction product decomposes, yielding stoichio. T 

metric amounts of diazotizable amine. Zakrzewski and Nichol, in a pre. folic 


liminary communication, reported on the occurrence of as much as 50 per ' 
cent PABGA in synthetic samples presumed to be 5,6,7 ,8-tetrahydrofolic _ 
acid (21). It has been observed also that the decomposition of synthetic 


tetrahydrofolic acid in aqueous solution is accompanied by the formation of -_ 
diazotizable amine and several fluorescent products.! veil 

The labile derivative has activity for L. citrovorum as well as S. faecalis, the 
Reduced unformylated derivatives of FA have been reported to support T 
the growth of L. citrovorum (23, 24) and the low orders of activity of dihy- Gar 


drofolic acid and tetrahydrofolic acid, as compared to CF, were perhaps 
due to the instability of the compounds under the conditions of the assay, A 

The reaction product was not converted to CF by autoclaving with | 
potassium ascorbate under conditions that quantitatively convert N™. 
formyltetrahydrofolic acid and anhydrocitrovorum factor to CF (18, 22). 
But, if the reaction product was first formylated chemically and then auto- 
claved with potassium ascorbate, it was then quantitatively converted toa 
stable compound with full activity for L. citrovorum. It has been shown 
that tetrahydrofolic acid can be converted by similar treatment to CF (19, 
25). The properties of the labile reaction product thus suggest that it is 
reduced to the level of tetrahydrofolic acid and is not formylated in the 
5 or 10 position. In order to characterize this compound fully, it must 
first be isolated intact. Efforts directed toward this end are now under 
way. 

About half of the CF-active material in urine is detectable only on 
aseptic assay in the presence of potassium ascorbate or after chemical 
formylation. This labile material in urine is thus similar in properties to | 43 
the liver reaction product and appears to be a reduced unformylated de- | 14. 
rivative of FA. The possibility is raised that the diazotizable amine in | 15. 
urine (8) may arise from the non-enzymatic cleavage of a reduced deriv- | 1° 
ative of FA during storage in the bladder. It is of interest that the ex- 
istence of labile derivatives of FA in blood has been reported (26). 18. 

The inhibition of CF synthesis from FA and formate by Aminopterin has 
been reported (27). It has been observed that in the presence of Aminop- f— 19. 
terin FA was not converted to a cofactor active in the interconversion of 
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1 Jaenicke, L., personal communication. 21. 
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glycine and serine, while tetrahydrofolic acid was active in the presence of 
the inhibitor (28). This observation supports the view that the inhibitory 
action of Aminopterin in blocking the conversion of FA to CF is that con- 
cerned with the reduction of FA. 


SUMMARY 


The biological inactivation of folic acid by liver involves the reduction of 
folic acid to what appears to be the tetrahydro level. The reduced prod- 
uct, a labile compound, on exposure to air cleaves non-enzymatically at 
the 9 to 10 linkage and thereby yields stoichiometric amounts of p-amino- 
benzoylglutamic acid. A similar labile derivative has been shown to occur 
in urine after the ingestion of folic acid. Aminopterin effectively blocks 
the reduction of folic acid. 


The authors are grateful to Mrs. Marjorie K. Romine and Miss Rita C. 
Gardiner for valuable technical assistance. 


Addendum—After partial purification, the folic acid-reducing system of chicken 
liver was found to be TPNH-specific. This is in accord with a report by Miller and 
Waelsch (29). 
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STUDIES ON THE DISTRIBUTION OF N-ACETYL-t-ASPARTIC 
ACID IN BRAIN* 


By HARRIS H. TALLAN 
(From The Rockefeller Institute for Medical Research, New York 21, New York) 


(Received for publication, July 18, 1956) 


The presence of N-acetyl-L-aspartic acid in picric acid extracts of cat and 
rat brain has recently been demonstrated (2). This compound, which is 
present at a concentration of about 100 mg. per 100 gm. of fresh weight of 
tissue, accounts for essentially all of the bound aspartic acid in extracts of 
brain (3), but is not the source of the bound aspartic acid shown to occur 
in urine and in extracts of muscle, liver, and kidney (2). The fact that ace- 
tylaspartic acid has been found only in the brain has prompted a study of 
its occurrence in the brains of animals of different species, of its distribution 
in various parts of the brain, and of its concentration at various stages dur- 
ing the growth of the brain. 


Methods 


Preparation of Tissue Extracts—Protein-free extracts were prepared by 
the use of aqueous picric acid in the manner described previously for rat 
brain (2). In the present work, exsanguination was usually accomplished 
by decapitation. Specimens of bovine tissue were obtained at the slaugh- 
ter house and kept cold prior to analysis. Portions of human occipital 
lobes were obtained at autopsy. The horseshoe crabs had been injected 
intraocularly with osmic acid before removal of the brains. 

Chromatography on Dowex 2-X4—Columns of resin 0.9 X 15 cm. were 
used in the manner previously described (2). Alternate 1 ml. effluent frac- 
tions were analyzed directly by the ninhydrin method (4), and the remain- 
ing fractions were analyzed after a mild acid hydrolysis (2). 


Results 


Occurrence of Acetylaspartic Acid in Different Species—The concentration 
of acetylaspartic acid in the brains of various species of animals is shown 
in Table I.1. The compound occurs in large amounts in the brains of the 


* A preliminary report of this work was given at the meeting of the Federation of 
American Societies for Experimental Biology, Atlantic City, April 16-20, 1956 (1). 

1 Investigation of the acetylaspartic acid content of the brains of various species 
has been made possible through the generous cooperation of Dr. H. M. Zimmerman of 
Montefiore Hospital, and Dr. H. Kozinn of Maimonides Hospital, who furnished 
specimens of human brain; Dr. W. Trager and Dr. I. Singer of The Rockefeller Insti- 
tute for Medical Research, who supplied avian brains; Dr. R. Lorente de No and 
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birds and of the mammals, ranging in concentration from about 80 to 110 
mg. per cent; it occurs at only one-fifth this concentration in the turtle, a 
representative of the Reptilia, and is undetectable in the brains of the frog 
and of the two invertebrate species examined (lobster and horseshoe crab), 

Distribution of Acetylaspartic Acid within Brain—A bovine brain was dis- 
sected into the parts listed in Table II, and each part was analyzed sepa- 


TaBLeE I 
Acetylaspartic Acid Concentration of Brain of Various Species 

The analyses were performed on aliquots of a picric acid extract of a whole brain 
or of several brains combined (the number is indicated in parentheses), except as 
follows: human brains (the causes of death were, respectively, Wilson’s disease, 
leucemia, and cancer of the pancreas), a portion of one occipital lobe being taken in 
each case; bovine brain, random portions of cerebrum; lobster brains, a major part 
of head ganglion being taken. 


Acetylaspartic acid Acetylaspartic acid 
concentration concentration 
Animal Animal 
Per brain| Average Per brain) Average 
mg. per | mg. per mg. per | mg. per 
cent cent cent cent 
Mammals Birds 
Man 105 Duck 115 
102 105 110 
80 96 Chicken 107 
Cow 100 101 104 
Cat 107 Reptile 
105 Turtle 23 
97 103 20 22 
Rat 111 Amphibian 
96 Frog (6) <1 
68 92 <1 
Guinea pig 85 Invertebrates 
79 §2 Horseshoe crab (2) <3 
<0.5 
Lobster (5) <0.5 


rately. The spinal cord and spinal roots were obtained as well. The re- 
sults presented in Table II show that acetylaspartic acid is present in all 
of the nervous tissues tested, though at varying concentrations. The low- 
est concentration was found in the spinal roots (48 mg. per cent) and the 
highest in the cerebral gray matter (124 mg. per cent). There is a 2-fold 
difference between gray and white matter. Acetylaspartic acid is probably 


Dr. L. H. Larramendi, who gave us turtle brains; and Dr. H. K. Hartline and Dr. W. 
H. Miller, who provided the brains of the horseshoe crabs. 
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TaBLeE II 
Concentration of Acetylaspartic Acid in Bovine Nervous Tissue 
Tissue Acetylaspartic acid concentration 
mg. per cent 

Spinal roots, mixed 48 

“cord 54 
Brain 

Medulla 55 

Pons 66 

Cerebellum 86 

Mesencephalon 88 

Thalamus 92 

Hypothalamus 72 

Cerebrum 100 

Basal ganglia 112 

Gray matter 124 

White matter 68 


localized in the cells of nervous tissue, inasmuch as analysis of a sample of 
human cerebrospinal fluid? showed no detectable amount of this substance. 
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Fic. 1. The concentration of acetylaspartic acid in the brains of rats of increasing 
age. The different symbols represent different litters of animals. Up to 25 days of 
age, each point is the result of an analysis of two brains combined. Thereafter, a 
single brain was used for each analysis. 


* We are greatly indebted to Dr. A. G. Bearn for the sample which was taken from 
4 patient with Wilson’s disease, a condition in which the concentration of acety]- 
aspartic acid in the brain is in the expected range (see Table I). 
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Acetylaspartic Acid in Growing Brain—The concentration of acetylaspar. 
tic acid in the brains of rats of various ages is shown in Fig. 1. Initially, 
the concentration is quite low, about 20 mg. per cent at birth, but there 
is a rapid rise to a maximum at about 20 days, followed by a slow de. 
cline to the average adult value. 


DISCUSSION 


Acetylaspartic acid serves to make up part of the anion deficit known to 
exist in nervous tissue (cf. McIlwain (5)). At a concentration of 100 mg 
per cent, acetylaspartic acid adds 11.4 weq. per gm. to the anion total, 
This, however, still leaves some 80 yeq. of anions per gm. that must be at- 
tributed to proteins and lipides or to substances as yet unidentified. 

The place of acetylaspartic acid in the metabolism of the brain remains 
unknown. The pattern of distribution reported here parallels that of many 
enzymes of the brain and shows a striking correlation with the distribution 
of respiratory activity. For example, the oxygen uptake of minces of por- 
tions of a dog brain was found by Himwich and Fazekas (6) to be greatest 
in the gray matter of the cerebrum and cerebellum and least in the medulla 
and midbrain. The Qo, of gray matter is twice that of white matter (cf. 
Elliott (7)). There is an increase in Qo, from birth to adulthood (8) that 
follows a curve very similar to that shown in Fig. 1 for the concentration 
of acetylaspartic acid. However, an equally good correlation can be made 
between the acetylaspartic acid concentration and the degree of vascularity 
of the central nervous system (cf. Horne Craigie (9)). 

The species distribution of acetylaspartic acid (Table I) tends to indicate 
some sort of evolutionary sequence, related, perhaps, to warm-bloodedness 
and cold-bloodedness. ‘These results also show that, though acetylaspartic 
acid is a characteristic component of nervous tissue, it probably is not 
involved in the transmission of the nerve impulse, since detectable quanti- 
ties have not been found in the brains of a number of species. This conclu- 
sion is supported, too, by the finding that the compound is not present in 
detectable amounts in the electric organ of the electric eel.’ 

The mode of synthesis of acetylaspartic acid remains to be thoroughly 
investigated. Bloch and Borek found (10) that rat liver slices could acety- 
late amino acids. A coenzyme A-dependent acetylation of aspartic acid 
and of some other amino acids has been demonstrated in extracts of Escheri- 
chia coli by Maas, Novelli, and Lipmann (11). However, preliminary at- 
tempts on our part to demonstrate in brain extracts or homogenates the 
presence of enzymes that bring about the synthesis of acetylaspartic acid 
have not been successful. It should be noted in this connection that 


? We are greatly indebted to Dr. D. Nachmansohn and Dr. M. Altamirano for 
samples of electric organ of the eel. 
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Strecker, Mela, and Waelsch (12) did not find an enzymatic acyl transfer 
fom acetylcoenzyme A to NH3, hydroxylamine, or a number of amino 
acids, When a 3- to 5-fold purified brain thioesterase preparation was used. 

The manner in which acetylaspartic acid is utilized by the brain is also 
unknown. Korey, de Braganza, and Nachmansohn (13) found that a prep- 
aration of choline acetylase from the head ganglion of the squid could uti- 
lize several acetylamino acids instead of acetate for the formation of acetyl- 
choline, but it has not been determined whether preparations of mammalian 
choline acetylase can carry out a similar reaction. 


We wish to express our great appreciation to the investigators mentioned 
in the text who have generously provided specimens for analysis. It is a 
pleasure to acknowledge the assistance of Miss Renate Mikk in the per- 
formance of these experiments. 


SUMMARY 


Analysis of the brains of various species has shown that acetylaspartic 
acid is present in mammalian and avian brain tissue, at concentrations 
ranging from about 80 to 110 mg. per cent, and at one-fifth this level in the 
brain of the turtle; it is not detectable in the brains of the frog and of two 
invertebrate species tested (lobster and horseshoe crab). In mammalian 
brain, acetylaspartic acid occurs throughout the central nervous system, 
though at concentrations varying from about 54 mg. per cent in spinal cord 
to 124 mg. per cent in cerebral gray matter. In the growing rat the com- 
pound is present in low concentrations at birth, but reaches the adult level 
at about 20 days. 
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DETERMINATION OF CORTISOL IN HUMAN PLASMA BY 
QUANTITATIVE PAPER CHROMATOGRAPHY* 


By PHILIP K. BONDY, DENIS ABELSON,t JAMES SCHEUER, 
THEODORE K. L. TSEU,{ anp VIRGINIA UPTON 


WITH THE TECHNICAL ASSISTANCE OF HILDA ABELSON AND 
AUDREY CLARKE-LEWIS 


(From the Departments of Medicine and Physiology, Yale University School of 
Medicine, New Haven, Connecticut) 


(Received for publication, April 12, 1956) 


The methods available for quantitative determination of corticosteroids 
inhuman peripheral blood may be divided into two types. The first meas- 
ures corticosteroids as a group after partial purification. The method of 
Nelson et al. (1, 2), in which a chloroform extract of plasma is chromato- 
graphed on a Florisil column, and that of Silber and Porter (3) for direct 
treatment of plasma extracts with their phenylhydrazine-sulfuric acid re- 
agent are examples of this type. In other methods extensive solvent 
partitions (4, 5) or combinations of solvent partitions with incomplete puri- 
fication on columns are employed (6). All these techniques depend in part 
on the specificity of the phenylhydrazine reaction (7). When cortisol (hy- 
drocortisone) is the only 17 ,21-dihydroxy-20-ketosteroid present, the values 
obtained by these methods are equal to the cortisol concentration. 

In the second type of determination, the individual corticosteroids are 
separated by chromatography before quantitative estimation. Morris 
and Williams (8), with use of three chromatographic columns in succession, 
were able to separate 11-dehydrocorticosterone, corticosterone, cortisone, 
and cortisol, which were measured polarigraphically. They claimed that 
each of these steroids could be detected in human plasma, with cortisol as 
the most abundant. Bush and Sandberg (9), by use of paper chromatog- 
raphy, also found that cortisol was the principal steroid present. 

Sweat (10) has separated cortisol from a corticosterone-like substance by 
chromatographing plasma extracts on silica gel and determining the quan- 
tity of steroid present with sulfuric acid fluorescence. Avivi et al. (11) used 
a double-labeling isotope technique for the separation of cortisol, adding 


* This work was supported by research grants No. A-254(C2) and No. A-254(C3) 
from the National Institutes of Arthritis and Metabolic Diseases, National Institutes 
of Health, United States Public Health Service. 

t Comyns Berkeley Fellow of Middlesex Hospital Medical School and Caius Col- 
lege, Cambridge, England. Present address, Department of Medicine, Postgraduate 
Medical School, Hammersmith Hospital, London, England. 

t James Hudson Brown Memorial Fellow. 


47 


i 
32 
+ 


48 DETERMINATION OF CORTISOL IN PLASMA 


tracer quantities of cortisol-4-C™ at the beginning of the experiment and 
subsequently acetylating with tritiated acetic anhydride. 

In the present method, paper chromatography is combined with the 
estimation of steroid by alkaline fluorometry (12). A correction for jp. 
complete chemical recovery is applied which makes use of calculations of 
isotope dilution after the addition of cortisol-4-C™. 


Methods 
Reagents— 
1. Cortisol-4-C standard (2500 disintegrations per minute per ml. of 
absolute ethanol). 
2. Cortisol standard (100 7 per ml. of absolute ethanol). 
3. 0.3 N potassium f¢ert-butoxide in tert-butanol (12). 
4. 1 N sodium hydroxide. 


5. Solvents: chloroform, toluene, methanol, all A. R. grade; absolute f 


ethanol, U.S. P. grade. 

6. 0.4 per cent 2,5-diphenyloxazole and 0.003 per cent 1 ,4-di(2[5-phenyl- 
oxazole])benzene in toluene. 

A pparatus— 

1. Ultraviolet scanning lamp (Mineralite, model No. SL-2537). 

2. Whatman No. 1 filter paper, chromatography grade, washed in a 
Nolan extractor in boiling methanol for 72 hours. 

3. Liquid scintillation counter (Technical Measurement Corporation, 
model No. LP-2A). 

4. Farrand fluorometer with No. 5860 filter (primary) and No. 2418 
(secondary). 


Procedure 


Heparinized blood is centrifuged within 15 minutes (13). Duplicate 
1 ml. portions of the standard solution of cortisol-4-C™ are pipetted into 
two 60 ml. centrifuge tubes and evaporated to dryness. Duplicate 10 to 
20 ml. volumes of plasma are added, followed by 0.5 ml. of 1N NaOH. The 
mixture is stirred and then extracted promptly three times with 20 ml. of 
chloroform, and the pooled chloroform extracts are evaporated to dryness 
at room temperature. The residue is then transferred quantitatively with 
chloroform to a small area at the origin of a paper chromatogram. A stand- 
ard spot (approximately 10 + of cortisol) is placed on the same line. Spots 
are placed 3 cm. apart. 

After equilibration overnight, the chromatogram is run for 4 hours in 
the toluene-75 per cent methanol system of Bush (14). The strip contain- 
ing the standard spot is cut off, and the cortisol is located with the ultr- 
violet handlamp. With this as a guide, a 4 by 3 cm. rectangle containing 
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the steroid from the plasma extract is cut out, together with a similar area 
infront of the steroid, to serve as a blank. 

The steroid is eluted from the paper for 1 hour at 40° with 4 ml. of abso- 
lute ethanol in test tubes sealed with aluminum foil-covered corks. 1 ml. 
istaken for estimation of radioactivity, and two 0.8 ml. portions are pipetted 
into fluorometer cuvettes and evaporated to dryness in vacuo prior to flu- 
orometry. A standard curve is constructed on each occasion from 0.5, 1.0, 
and 2.0 y amounts of cortisol in duplicate. The analysis is carried out by 
adding 0.5 ml. of 0.3 N potassium fert-butoxide reagent to each tube and 
reading the fluorescence after 1 hour, as previously described (12). 

The 1 ml. aliquot intended for radioactive measurement is pipetted into 
a30 ml. optically clear vial and evaporated to dryness. It is then dissolved 
in 15 ml. of the phenyloxazole reagent and counted for 5 minutes in a liquid 


scintillation counter, which has an efficiency of 65 per cent and a probable 


error of counting, under these circumstances, of 2 per cent. With these 
quantities, about 400 c.p.m. are observed in the aliquot of paper eluate, 
with a background of approximately 25 c.p.m. Radioactivity can also be 
counted on aluminum planchets in a windowless flow counter, but we have 
preferred the liquid scintillation counter because of its simplicity and rapid- 


ity. 
Calculation 


The fluorescence readings obtained from the eluate of the plasma spot 
and the paper blank are converted to micrograms of cortisol by comparison 
with the standard curve, as illustrated. 


10 ml. of plasma were extracted. 

Aliquot of eluate from plasma sample = 21 galvanometer divisions = 0.30 y. 

Aliquot of eluate from paper blank = 13 galvanometer divisions = 0.13 y. 

By subtracting, the amount of plasma steroid present = 0.17 y. 

This preceding figure represents the amount of cortisol present in (0.8/4.0) K 10 = 
2.0 ml. of plasma. 

Therefore, the amount of cortisol in 100 ml. of plasma before radioactive 
correction = 8.5 y7 per 100 ml. 

Radioactive recovery = 397 c.p.m. per 1 ml. of eluate. 

Radioactive standard = 627 c.p.m. per 0.25 ml. of standard. 

Radioactive recovery = 63.5 per cent. 

Cortisol originally present in plasma plus added cortisol-4-C' = 8.5 < (100/63.5) 
= 13.3 y per 100 ml. 

This product, less cortisol-4-C* (0.16 y added to 10 ml. of plasma) = 1.6 y per 
100 ml. 

By subtracting, the cortisol originally present in plasma = 11.7 y per 100 ml. 


Once the plasma has been separated, it can be stored for several weeks in 
a frozen state without deterioration. For example, a fresh sample which 
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contained 9.5 y per cent was analyzed again after being frozen 1 month and 
found to contain 9.7 y per cent. If it is necessary to interrupt the analysis 
dried extracts obtained at any point in the procedure may be stored in the 
dark at refrigerator temperature for several days. A trained technician 
can perform thirty complete analyses in 3 working days. The standan 
deviation of the method, calculated from the differences of duplicates in 
the last 75 specimens analyzed,! is 10.8 per cent. The blank represents 
33 + 17 per cent of the total fluorescence and is reproducible with a stand. 
ard deviation of 6.8 per cent. 


DISCUSSION 


Chloroform extracts of plasma usually contain too much lipide to permit 
their immediate application to paper. The addition of sodium hydroxide 
to the plasma before extraction results in a clean extract, which greatly 
facilitates application. No destruction of cortisol attributable to this 
procedure occurs, and would not be expected, since the buffering action of 
plasma proteins prevents the pH from rising above 9.0 and since exposure 
to alkali lasts only a few minutes. The procedure is more efficacious and 
is simpler than washing the chloroform with alkali after extraction or par. 
titioning the extract between hexane and 70 per cent ethanol. 

Initially, the plasma cortisol spots were located by inspecting or photo- 
graphing the chromatogram with ultraviolet light. It was found that as 
little as 5 seconds exposure to radiation from the handlamp (model No. 
SL-2537) at a distance of 2 feet caused some loss of steroid. Sweat? has 
also observed losses of steroids from paper chromatograms exposed to ultra- 
violet light. We have not seen this previously reported for corticosteroids, 
but comparable deterioration has been observed by Savard in studies of 
17-ketosteroids (15). Because of this adverse effect of ultraviolet light, 
the chromatogram is now divided as described above, and only the standard 
spot is subjected to ultraviolet irradiation. 

When pure steroid is chromatographed alone, some 12 per cent is lost 
(Table I, Experiment 3, A), presumably being retained at the origin (15), 
streaked behind the main steroid spot, or destroyed in some way during 
chromatography (elution of pure steroid without chromatography is 9% 


1Calculated from the formula, standard deviation = +/(2a?/n), where a = 
2(X, — X.)/(X; + X2). Xi and Xz represent values obtained by analyzing dupli- 
cate samples of the same plasma. Therefore, a is the difference between duplicates, 
expressed as percentage of the mean of the duplicates. This method of calculation 
was preferred to one based simply on the differences between duplicates, since direet 
observation showed that the arithmetic difference between observations varied di- 


rectly as the mean of the duplicates, whereas the difference between duplicates ex- 


pressed as per cent of the mean was independent of the value of the mean. 
2 Sweat, M. L., personal communication. 
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per cent complete (Table I, Experiment 4)). The plasma extract does not 
alter the behavior of the steroid on chromatography, since the recovery of 
pure steroid added to plasma extract before chromatography (Table I, 
Experiment 2, B) is not statistically different from the recovery of pure 
steroid chromatographed without plasma extract (Table I, Experiment 
3, A). 


TaBLeE I 
Recovery Experiments 


t Added | Recovered ipe, cent recovered 


1 Cortisol added to plasma before ex- 
traction (43 experiments) 
A_ | Radioactive cortisol 0.16 0.116 | 73 + 13.6* 
,B_ | Non-radioactive cortisol 
Uncorrected 11.3 8.26 73 + 15.1 
Corrected for losses by isotope di- 
lution © 11.3 11.3 100 + 15.5 
2 Cortisol added to plasma extract at 
origin of chromatogram (6 experi- 
ments) 
A Radioactive cortisol 0.16 0.13 81+ 4.0 
B_ | Non-radioactive cortisol 
Uncorrected 5.6 4.4 79 + 10.2 
Corrected for losses by isotope di- 
lution 5.6 5.1 91 + 13.5 
3 Chromatography of cortisol standards 
(29 experiments) 
3, A Non-radioactive cortisol 
Uncorrected 7-28 88 + 11.8 
4 Non-radioactive cortisol ‘‘spotted 
on’’ and eluted immediately 1-30 94+ 7.4 


*+ the standard deviation. 


Since it was not possible to obtain consistent or quantitative recovery 
of added steroid carried through the chromatographic procedure, the cor- 
rection factor which utilized recovery of added radioactive cortisol was 
applied. ‘The use of this correction is justified, provided that the following 
conditions exist. 

The cortisol-4-C™“ is free from radioactive impurities. Other workers 
have found the cortisol-4-C™ to be about 92 per cent pure, and we have 
achieved as high as 96 per cent recoveries after chromatography. 

The manipulations affect equally both endogenous and added steroid. 
The added cortisol is dissolved rapidly and quantitatively by the plasma 
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and is not ultrafiltrable, just as is the endogenous steroid. These data will 
be reported in detail in a later communication. Moreover, the recovery 
of cortisol-4-C"* added to plasma is identical with the recovery of inert corti- 
sol added to the same plasma and determined simultaneously (Table I), 
The recovery of inert cortisol was 73 per cent with a standard deviation of 
15 per cent, whereas the simultaneous recovery of C"*-labeled steroid was 
73 + 14 percent. The coefficient of correlation of the chemical recovery 
versus the radioactive recovery was 0.717 in forty-three pairs of determina- 
tions, indicating a very high degree of correlation. Changes in recovery 
of the labeled steroid therefore seem to be representative of total losses of 
steroid during the procedure. 

The manipulations affect equally both the A‘-3-ketone group and the 
4-C™, If the A‘-3-ketone grouping is disturbed, fluorescence will not de- 
velop, but radioactivity will remain unless the 4-carbon is also removed 
from ring A. The fluorescent reaction can be prevented by reduction of 
the ketone or double bond, or by oxidation with introduction of additional] 
double bonds (e.g. into the A“ ” position (12)). The latter artifact seems 
a possibility if the steroids are exposed to ultraviolet light, oxygen, heat, or 
any combination of these. These factors might not destroy the A ring, so 
that the persistence of the radioactive label in the absence of the A‘-3-ketone 
group might lead to falsely low corrections. In addition to the precautions 
described above to avoid excessive exposure to strong ultraviolet light, the 
samples are kept in the dark at all times, except when actually being ana- 
lyzed. 

The error of radioactive measurement is of the same order or less than 
the error of fluorescence measurement. Actually, the accuracy of measure- 
ment of radioactivity as outlined here is somewhat greater than that of 
the fluorescence measurements; however, they are of a similar order. 

Impurities in the plasma extract do not give rise to quenching either of 
the scintillation in the phenyloxazole reagent or of fluorescence. When 
cortisol was added to the paper eluate, there was no quenching of fluores- 
cence in the butoxide reagent, nor was there any reduction in number of 
counts of radioactive standards mixed with paper eluates. 

Allowance is made in the final calculation for the radioactive cortisol 
added. This equals 0.16 y per 20 ml., or 0.8 y per 100 ml., and this should 
be subtracted from the final result. The exact amount added would de- 
pend on the specific activity of any given sample of cortisol-4-C". 

The technique has been applied to the analysis of normal plasma (Ts- 
ble II). There is no significant difference between the values for normal 
males and females, and the distribution of values is probably not far from 
normal, since the median and mean are nearly identical. It is interesting 
to compare the results obtained by this method with the results obtained 
by applying the less specific Florisil column separation of Nelson and Sam- 
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TABLE II 
Plasma Cortisol Concentration of Normal Subjects Aged 21 to 47 Years 
No. of observations 
Range, y per 100 ml. 
M. F. Totals 
Below 3.0 0 1 1 
3.1-6.0 7 3 10 
6.1-9.0 3 6 9 
9.1-12.0 4 2 6 
12.1-15.0 2 5 7 
Over 15.0 0 0 0 
TaBLeE III 
Free Corticosteroids of Peripheral Human Plasma 
Authors in literature) No. of subjects Purification Cortisol 
y per 100 ml. y per 100 ml. 
Bliss et al. (17) 120 Florisil column 13.0 + 6.0 
Bondy-Altrock 30 Solvent partition 7.8 + 3.3* 
(4) 
Kassenaar et al. 37 6.5 + 1.4 
(5) 
Silber-Porter 16 ” Ke 13.3 + 6.2 
(3) 
Weichselbaum- 42 Chromatography 9.54 1.5 - 
Margraf (6) and solvent par- 
tition 
Sweat (10) 21 Silica gel column 10.8 + 2.6 
Morris-Wil- ? 3 successive chro- 6.5-10.5 
liams (8) matographic 
columns 
Avivi et al. (11) | Pooled blood, | Kieselguhr col- 2.5t 
1500 ml. umns, double 
isotope labels 
This paper 33 Paper chromatog- 8.1 + 3.6 
raphy 
12 Florisil column 20.0 + 8.7} 


*In the original paper, no correction was made for incompleteness of recovery 


(about 65 per cent). 


per 100 ml. 


If this correction is included, the figure becomes 12 + 3.3 y 


t Per 100 ml. of whole blood; presumably this is equivalent to 4.5 y per 100 ml. of 


plasma. 


t Total A‘-3-ketosteroids. 
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uels to chloroform extracts and analyzing appropriate eluate with the alks. 
line fluorescence reaction. Ina group of sixteen healthy males, the method 
with paper chromatography gave a mean concentration of 7.7 + 3.5 y per 
100 ml. of plasma (mean and standard deviation), whereas, in another simi. 
lar group, the column separation gave a value of 20.0 + 8.7 y per 100 mi, 
The difference between these values is significant (p <0.001). Migeon 
et al. (16) have reported similar differences between the 17-hydroxycorticog. 
teroid content of plasma measured by Florisil column separation and that 
compared with paper chromatographic isolation of cortisol. 

Although paper chromatography offers a more highly purified material 
for analysis than conventional methods, traces of other compounds may 
be present in the cortisol region. However, these contaminants are s 
small in quantity that for practical purposes the material isolated is entirely 
cortisol. The results obtained by this method are similar to those observed 
by others who have made analyses for cortisol after a purification of com- 
parable specificity and are somewhat lower than results found by methods 
of purification which are less specific (Table III). 


SUMMARY 


A method is described for the determination of cortisol in human plasma, 
in which quantitative paper chromatography combined with alkaline fiu- 
orescence measurements is used. By this technique the mean value of 
plasma cortisol in thirty-three normal subjects was 8.1 + 3.5 7 per 100 ml. 
of plasma. 


We are grateful to Dr. S. R. Lipsky for his help in designing and per. 
forming the isotope recovery experiments and for permission to use his 
liquid scintillation counter, and to Dr. A. D. Welch for the use of his Far- 
rand fluorometer during the early part of these experiments. The labeled 
cortisol was donated by the National Institutes of Health, United States 
Public Health Service, and the stable cortisol by Merck and Company, Ine. 
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STUDIES ON THE MECHANISM OF ACTION OF 
KIDNEY TRANSAMIDINASE* 


By JAMES B. WALKERt 


(From the Department of Biochemistry, College of Agriculture, University 
of Wisconsin, Madison, Wisconsin) 


(Received for publication, June 25, 1956) 


In 1941, Borsook and Dubnoff (2) observed that mammalian kidney 
catalyzes a synthesis of guanidinoacetic acid from arginine and glycine. 
The name ‘‘transamidination”’ was given to this type of reaction. Bloch 
and Schoenheimer (3), as a result of their isotope work with intact animals, 
preferred to defer adoption of this term, in view of the lack of evidence for 
reversibility of the reaction. However, Fuld (4) subsequently reported 
that the arginine-glycine reaction is indeed reversible. The term “trans- 
amidination” thus appeared to be descriptive of the over-all reaction. 

Much work remained to be done, however, on the specificity and mech- 
anism of action of kidney transamidinase. Recent studies by the author 
have shown that mammalian kidney carries out not only arginine-glycine 
but also canavanine-glycine, canavanine-ornithine (5), and arginine-orni- 
thine (6) transamidination reactions. For these reactions no cofactor re- 
quirement was observed. It was proposed (5) that both the canavanine- 
omithine and arginine-ornithine reactions were catalyzed by the same 
enzyme, with the formation of an enzyme-amidine compound as a common 
intermediate. Subsequently the concept of an enzyme-amidine interme- 
diate was invoked to explain the transamidinations involving glycine as 
well (1). These reactions are generalized in Reactions 1 to 3. 


1) Ri—NH—C(=NH)NH;z + enzyme = enzyme—C(=NH)NH: + R:i—NH: 
2) Enzyme—C(=NH)NH, + R2—NH2= R2-—NH—C(=NH)NH:z + enzyme 


3) Sum. Ri—-NH—C(=NH)NH:2 + R.—NH,z 
= Ri—NH, + R:-—NH—C(=NH)NH; 


In this paper, data will be presented which further support the concept 
of an enzyme-amidine compound as an intermediate in transamidination 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. A report of this work was presented before the Forty-seventh 
meeting of the American Society of Biological Chemists at Atlantic City, April 16- 
20, 1956 (1). 

t Postdoctoral Research Fellow of the National Cancer Institute, Public Health 
Service. Present address, Department of Biochemistry, Baylor University College 
of Medicine, Houston, Texas. 
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reactions. Previously unreported transamidination reactions will be de. 
scribed, and observations bearing on the nature of the active center and 
mode of linkage of the amidine group to the enzyme will be presented. 


EXPERIMENTAL 


All compounds employed were commercial preparations, with the excep. 
tion of canavanine, which was isolated from jack bean meal, as described 
elsewhere (7). Glycine-2-C", witha specific activity of 1.32 mc. per mmole, 
was purchased from the Isotopes Specialties Company, Inc. (lot No. Bg 
K3156). Paper chromatographic analyses .were carried out as described 
previously (5-7). Several hog kidney and rat kidney transamidinase prep. 
arations were employed in this investigation; all gave similar results. The 
preparation employed for guanidinoacetate-glycine transamidination was 
obtained by extracting 100 gm. of hog kidney acetone powder for 2.5 hour 
at 5° with 700 ml. of 0.14 m potassium phosphate buffer, plus 250 mg. of 
Versene, pH 7.3. The mixture was filtered through cheesecloth and centr. 
fuged. The 330 ml. of supernatant solution were fractionated by the 
addition of a saturated solution of ammonium sulfate; the fraction precipi- 
tating between 30 and 62 per cent saturation was redissolved in buffer plus 
Versene and dialyzed for 17 hours; final volume 115 ml. The solution was 
refractionated with saturated ammonium sulfate solution and the fraction 
which precipitated between 40 and 50 per cent saturation was found to 
have the greatest activity. A portion of this fraction was redissolved in 
buffer plus Versene, dialyzed for 20 hours, and stored in the frozen state. 
The final concentration of the dialyzed solution was 26 mg. of solid per 
ml. For many purposes a commercial preparation of lyophilized hog kid- 
ney extract (Nutritional Biochemicals Corporation) can conveniently be 
employed as a source of transamidinase, after dialysis for 24 hours at 3° in 
the presence of buffer and Versene. 

Arginase activity can be restored in all preparations by the addition of 
manganese or cobalt. 


RESULTS AND DISCUSSION 


Evidence supporting the concept of an enzyme-amidine intermediate in 
transamidination reactions can be most easily understood by referring to 
the scheme of Fig. 1. In this scheme for amidine (formamidine, ‘active 
urea’’) transfer, three guanidino compounds are listed as potential donor 
of the amidine group, while four primary amino compounds are listed 4s 
potential acceptors of the amidine group from an enzyme-amidine inter- 
mediate. The simplest interpretation of the experimental data would b 
that a single enzyme can catalyze the transfer of an amidine group from 
any donor on the list to any acceptor. However, further purification of 
the enzyme preparation may reveal that more than one enzyme is involved. 
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Guanidinoacetate-Glycine Transamidination—One previously unreported 
reaction, which was predicted by this hypothesis, is a reversible trans- 
amidination reaction between guanidinoacetate and glycine. Such a reac- 
tion is analogous to arginine-ornithine transamidination, and it may be 
carried out in a similar manner (6). Glycine-2-C™ was incubated in the 
presence of kidney transamidinase with non-labeled guanidinoacetate. 
The time-course of the reaction was followed by means of paper chromatog- 
raphy (6), as shown in Fig. 2. A net incorporation of radioactivity into 
guanidinoacetate was observed in accordance with Reaction 4. 


(4) Glycine-2-C'* + guanidinoacetate — guanidinoacetate-2-C™ + glycine 


"ACTIVE UREA" TRANSFER. 


DONORS ACCEPTORS 


+ 
CANAVANINE. NH, NH, ORNITHINE 
CANALINE 


ad 
GLYCINE 


NH,OH 


Fic. 1. Proposed scheme for amidine (‘‘active urea’’) transfer in kidney 


ARGININE i ENZYME 
GUANIDINOACE TATE 


According to the concept which initiated this study, the mechanism of the 
observed guanidinoacetate-glycine transamidination is given by Reaction 
5. 


(5) Guanidinoacetate + enzyme = glycine + enzyme—amidine 


The radioactive guanidinoacetate formed was identified by the ‘‘finger- 
print”? method (8) on paper chromatograms (phenol-water). The shapes 
of the guanidinoacetate spots on autoradiograms corresponded exactly 
with those obtained by spraying with an alkaline ferricyanide-nitroprusside 
reagent (7). As can be seen, ornithine markedly inhibits this exchange 
reaction. 

Hydroxylamine As Amidine Acceptor—Canaline, an O-substituted hy- 
droxylamine, has previously been found to be an amidine group acceptor 
(5). Subsequently it was found that hydroxylamine itself, at a final con- 
centration of 0.1 to 0.2 M, can act as an acceptor for the amidine group. 
The product of this reaction has been tentatively identified as hydroxygua- 
nidine by its behavior on paper chromatograms (FR, 0.50 with n-butanol- 
acetic acid-water, 4:1:1). It can be detected by spraying with alkaline 
ferricyanide-nitroprusside and gives a purple color similar to that given by 
canavanine, an O-substituted derivative of hydroxyguanidine. In further 
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tests, the product was eluted, treated with palladium black and hydrogen 
gas (7) at room temperature and atmospheric pressure, chromatographed 
again on paper, and sprayed with alkaline ferricyanide-nitroprusside. It 
was observed that the compound corresponding to hydroxyguanidine had 
disappeared, while a new compound, giving an orange spot, appeared, with 
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Fic. 2. Guanidinoacetate-glycine transamidination in the presence and absence 
of ornithine. Each reaction mixture contained 17 wmoles of guanidinoacetate, 66 
umoles of glycine-2-C, 50 umoles of potassium phosphate buffer, pH 7.3, and 0.3 ml. 
of a dialyzed 40 to 50 per cent ammonium sulfate fraction of an extract of acetone- 
dried hog kidney (26 mg. per ml., dry weight) ; the final volume was 0.4 ml. In addi- 
tion, to the reaction mixture represented by the lower curve, 30 umoles of L-ornithine 
monohydrochloride were added. Incubation was at 34°. At the times indicated, 
4 wl. of the reaction mixtures, representing 12,000 c.p.m., were spotted on paper 
chromatograms. The solvent employed in each case was phenol-water, with an 
ammonia atmosphere for the mixture containing ornithine. The dried chromato- 
grams were sprayed with alkaline ferricyanide-nitroprusside (7) to locate the guani- 
dinoacetate, eluted, and counted as previously described (6). At the conclusion of 
the experiment, guanidinoacetate contained 50 per cent of the initial activity of the 
glycine when ornithine was absent. In the presence of 30 umoles of ornithine, how- 
ever, guanidinoacetate-glycine transamidination was suppressed. 


an R, corresponding to that of guanidine. This apparent hydrogenolysis 
of an O—N bond would be analogous to that previously observed with 
canavanine and canavaninosuccinic acid, compounds which are naturally 
occurring derivatives of hydroxyguanidine (7). 

Arginine and guanidinoacetate can both serve as amidine donors to 
hydroxylamine; in the case of canavanine the enzymatic reaction is ob- 
scured by a non-enzymatic reaction between canavanine and hydroxyl 
amine. Hydroxyguanidine formation is suppressed in the presence of 
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0.03 m ornithine or glycine, but is not significantly affected by similar con- 
centrations of 2 ,4-diaminobutyrate, lysine, sarcosine, taurine, 6-alanine, or 
alanine. 

Additional Specificity Studies—Among the compounds tested so far, 
only those listed in Fig. 1 participate significantly in transamidination. As 
reported earlier (5), in our hands lysine does not react appreciably as an 
amidine acceptor, nor is homoarginine, which has been shown to influence 
arginine metabolism in certain organisms (9, 10), an active amidine donor. 
Fuld (11) has reported that these latter compounds are active; the resolu- 
tion of these conflicting data must await further experiments. Neither 
creatine, guanidine, nor agmatine was found to function as amidine donors; 
sarcosine, taurine, $-alanine, alanine, 2,4-diaminobutyrate, ammonia, 
lysine, histidine, aspartate, glutamate, serine, and phosphorylethanolamine 
did not function as amidine acceptors under these conditions. 

Inhibition Studies—If only one enzyme is involved in the transamidina- 
tions depicted in Fig. 1, the various donors and acceptors should compete 
with each other for access to their respective active sites on the enzyme 
surface. One experiment which was suggested by this scheme for trans- 
amidinase action concerned the previously studied canavanine-ornithine 
reaction (5). From structural considerations, it would be expected that 
both canavanine and ornithine would be attracted to the same area on the 
enzyme surface. It would be predicted that ornithine could be adsorbed 
by the free enzyme, as well as by the enzyme-amidine complex. When 
omithine is adsorbed by the enzyme-amidine complex, a reaction can occur 
and arginine is formed. On the other hand, during time intervals when 
ornithine is adsorbed by the free enzyme, no reaction can occur, since 
canavanine cannot then be adsorbed preparatory to forming the obligatory 
enzyme-amidine intermediate. From this argument it would be predicted 
that an excess of ornithine would slow down the rate of canavanine-orni- 
thine transamidination. Such was found to be the case (Fig. 3). p.-Or- 
nithine was half as active as L-ornithine in this inhibition. Here we have 
a case in which an excess of substrate inhibits the rate of its own enzymatic 
transformation. 

Besides the inhibitions already described, dozens of additional experi- 
ments in inhibition were carried out; the reaction mixtures were analyzed 
by paper chromatographic methods. All of the extensive data thus ob- 
tained were consistent with the scheme of Fig. 1. For example, cana- 
vanine and arginine were found to compete with each other as amidine donors 
when glycine was the common acceptor, while an excess of ornithine was 
found to inhibit every transamidination reaction depicted in Fig. 1, includ- 
ing even those in which it participatesasa substrate. From certain experi- 
ments there emerged two lines of evidence which suggest that ornithine and 
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glycine (or guanidinoacetate) cannot both be adsorbed by the enzyme gt 
the same time: (a) concentrations of ornithine greater than 1 mg. per nl, 
inhibit guanidinoacetate-ornithine transamidination, a fact which might 
explain the difficulty workers have had in demonstrating this reaction, 
and (b) guanidinoacetate-glycine transamidination is suppressed by orni- 
thine (Fig. 2) at a concentration which inhibits guanidinoacetate-ornithine 
transamidination. 

The simplest explanation of these mutual inhibitions would be that there 
are two sites on the enzyme surface, one specific for ornithine and its ans. 
logues and one specific for glycine, which overlap at one location. Most 


MG/ML. ORNITHINE 


*\ 33 MG/ML. ORNITHINE 


VELOCITY 


20 40 
CANAVANINE (MG/ML) 


Fic. 3. Inhibition of canavanine-ornithine transamidination by ornithine. The 
reaction velocities are expressed in arbitrary units, as determined by Sakaguchi 
assays for arginine (12) at the end of the incubation period. 


probably the area of overlap is adjacent to the point of attachment of the 
amidine group and is an affinity point for the terminal amino group of the 
acceptor molecule. 

Experiments on Nature of Enzyme-Amidine Linkage—Granted that 
experimental evidence exists for an enzyme-amidine intermediate, the 
next question which arises concerns the nature of the linkage of the amidine 
group to the enzyme. Experiments with cupric ions and p-chloromercur- 
benzoate revealed that these reagents inhibit transamidinase at low con- 
centrations (10-5 to 10-* m). Under conditions of partial inhibition by 
p-chloromercuribenzoate, both canavanine-ornithine and canavanine-gly- 
cine reactions were inhibited to the same extent (30 versus 35 per cent in- 
hibition). The addition of an excess of cysteine after a 1 hour incubation 
of p-chloromercuribenzoate with enzyme reversed the inhibition. Activity 
of certain of the enzyme preparations was enhanced as much as 20 per cent 
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by the addition of sulfhydryl compounds. It thus appeared that a free 
sulfhydryl group was necessary for enzyme activity. The question re- 
mained, however, as to whether the essential sulfhydryl group is located 
at the active center of the enzyme. A method of approach to this problem 
was employed which might conceivably prove useful for determining the 
location of sulfhydryl groups in other enzymes. 

It is known that disulfide linkages are formed between sulfhydryl com- 
pounds in the presence of potassium ferricyanide. Therefore, it appeared 
that it might be possible to form a disulfide linkage between the sulfhydryl 
of kidney transamidinase and an added sulfhydryl compound in the pres- 
ence of ferricyanide. For this reaction to occur, it is necessary that the 
added sulfhydryl compound should be adsorbed on the enzyme surface, 
adjacent to the enzyme sulfhydryl group, in such a way that the enzyme 
sulfhydryl and the sulfhydryl of the adsorbed compound are close enough 
for the disulfide bond to be formed. Otherwise, the only reaction which 
will occur is the formation of disulfide bonds between molecules of the 
added compound in free solution. If the enzyme sulfhydryl is not located 
at the active center, there is no rationale for selecting sulfhydryl compounds 
which would be strongly adsorbed with the correct orientation for disulfide 
bond formation. However, if the enzyme sulfhydryl group is located at the 
active center, it might be expected that compounds containing the group 
shown in Reaction 6 would be adsorbed by the active center in an orienta- 
tion favorable for disulfide bond formation in the presence of ferricyanide, 
with consequent inactivation of the enzyme. 


(6) N—R 
—2e 
Enzyme—SH + HS—C > 
NH—R’ 
enzyme—S—S—C + 2H* 
NH—R’ 


In Table I are presented the results of an experiment which shows the 
effect on canavanine-ornithine transamidination of equimolar concentra- 
tions of various sulfhydryl compounds, in the presence and absence of 
ferricyanide. Similar results were obtained with the same compounds in 
studies on canavanine-glycine and arginine-glycine transamidination re- 
actions. It can be seen that neither sulfhydryl compound nor ferricyanide 
alone appreciably inhibits transamidination. Likewise, neither cysteine 
plus ferricyanide nor reduced glutathione plus ferricyanide inhibits trans- 


at 
ml, 
ght 
on; 
mi 
Line 
ere 
na- 
Ost 
The | 
chi § 
the | 
the | | 
hat 
he 
ine 
ile 
by 
ly- 
ion 
ity 
ant 


64 TRANSAMIDINASE MECHANISM 


amidination significantly. Apparently these latter two sulfhydryl com. 
pounds are not strongly adsorbed by the active center of the enzyme, and 
disulfide bond formation occurs only between the molecules in solution 
with the formation of cystine and oxidized glutathione, respectively. Thi. 
ourea represents an intermediate case, presumably because only a smali 
fraction of its molecules is in the sulfhydryl form; higher concentration 


TABLE I 


Inhibition of Transamidinase by Certain Sulfhydryl Compounds in Presence 
of Ferricyanide 

Each reaction mixture contained 0.2 ml. of dialyzed commercial hog kidney ex. 
tract (50 mg. per ml.) and 0.2 ml. of 0.5m potassium phosphate buffer, pH 7.3. Wher 
applicable, 2 umoles of sulfhydryl compound, followed after 5 minutes by 10 umoles 
of potassium ferricyanide, were added. After 85 minutes, 18 uwmoles of L-ornithine 
monohydrochloride and 36 umoles of L-canavanine sulfate were added. The final vol. 
ume was 0.8 ml. After incubation at room temperature for 17 hours, 0.1 ml. of % 
per cent trichloroacetic acid was added and the protein removed by centrifugation, 
The supernatant solutions were assayed for arginine by the Sakaguchi method (12). 
A relative activity of 100 represents 11 wmoles of arginine formed by the reaction. 


Added compounds Relative activity 


of thiourea are more strongly inhibitory. On the other hand, the almost 
complete inhibition of transamidinase activity by ferricyanide plus thiol- 
histidine, 2-thiouracil, or 2-thio-6-oxypurine is in marked contrast with 
the lack of inhibition obtained with cysteine and glutathione. Other com- 
pounds which are strongly inhibitory in the presence of ferricyanide in- 
clude 2-thiouracil-5-carboxylic acid, 2-thio-6-aminouracil, and dithiobiuret. 
Additional control experiments showed that thiouracil plus ferrocyanide 
does not inhibit transamidinase, nor does thiouracil plus ferricyanide in- 
hibit either the argininosuccinase or arginase activities of the same kidney 
preparation. 
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Since the effective sulfhydryl compounds are those which bear groups 
analogous to the amidine group, these data are consistent with the mode 
of inhibition shown in Reaction 6. Although other interpretations of these 
data can be made, one is tempted to speculate that the enzyme sulfhydryl] 
group participates in transamidination as in Reaction 7. 


(7) Enzyme—SH + R—NH—C(=NH)NH2 
= enzyme—S—C(=NH)NH:2 + R—NH:2 


If this mechanism is correct, the enzyme-amidine intermediate may be 
visualized as a macromolecular S-substituted isothiourea derivative, which 
participates in cellular guanidino group-forming reactions in much the 
same way as does the classical reagent of organic chemistry, S-methyliso- 
thiourea. 


SUMMARY 


Additional evidence has been presented for the occurrence of an enzyme- 
amidine (‘‘active urea’’) intermediate in transamidination reactions. In 
mammalian kidney, arginine, canavanine, and guanidinoacetate can serve 
as donors of the amidine group to the free enzyme, while ornithine, canaline, 
glycine, and hydroxylamine can act as acceptors of the amidine group from 
the enzyme-amidine intermediate; any donor can couple with any acceptor. 
Previously unreported guanidinoacetate-glycine, arginine-hydroxylamine, 
and guanidinoacetate-hydroxylamine transamidination reactions were de- 
scribed. The product formed with hydroxylamine as an acceptor has been 
identified as hydroxyguanidine. 

Transamidinase activity is inhibited by cupric ions and p-chloromercuri- 
benzoate. Ferricyanide alone, or ferricyanide plus cysteine or reduced 
glutathione, does not inhibit transamidination, but ferricyanide plus 2-thi- 
ouracil, 2-thio-6-oxypurine, or thiolhistidine strongly inhibits the reaction, 
presumably by the formation of a disulfide bond with a sulfhydryl group 
located at the active center of the enzyme. It is suggested that the en- 
zyme-amidine intermediate may be a macromolecular S-substituted iso- 
thiourea derivative which participates in cellular guanidino group-forming 
reactions in much the same manner as does the classical reagent of organic 
chemistry, S-methylisothiourea. 


The author is indebted to Professor R. H. Burris for his valuable contri- 
butions to this investigation. 
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IV. THE SPECIFICITY OF BACTERIAL XANTHINE OXIDASES* 
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(From the Departments of Pharmacology and Bacteriology, The Hebrew 
University-Hadassah Medical School, Jerusalem, Israel) 
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The systematic study of the substrate specificity of mammalian xanthine 
oxidase has indicated a common mechanism by which various purines may 
be dehydrogenated (1). The results obtained also made it clear why 
methylated xanthines, with the exception of 1-methylxanthine (2), cannot 
be oxidized by xanthine oxidase to the corresponding substituted uric 
acids (3, 4). Therefore, another source had to be sought for these com- 
pounds, which appear regularly in the urine of mammals after adminis- 
tration of substituted xanthines (5). It appeared possible that bacterial 
enzymes are responsible for this metabolic reaction. 

Our knowledge of bacterial xanthine oxidases is rather limited. Villela, 
Affonso, and Mitidieri (6) demonstrated xanthine oxidase in Lactobacillus 
casei ATCC 7469, and Franke and Hahn (7) tested the activity of Pseudo- 
monas acruginosa against xanthine and some of its methyl derivatives, all 
of which were oxidized. Other intestinal strains, on the other hand, were 
found inactive. The capacity of Mycobacterium smegmatis to convert xan- 


‘ thine into uric acid has been reported by di Fonzo (8). 


On the basis of these findings, it appeared possible that substituted uric 
acids are produced by the intestinal flora and absorbed into the general 
circulation, owing to the fact that they are much more soluble than uric 
acid itself. ‘Therefore, a systematic study of the ability of the bacterial 
population in the human intestine to oxidize xanthine and other purine 
derivatives was undertaken, and the oxidation products were identified in 
each case by unequivocal methods. Our results differ essentially from 
those reported by Franke and Hahn (7). 


Materials and Methods 


The various purines used in this investigation were the same as those in 
Paper III. 9-Xanthosine was a gift of Dr. A. Deutsch of the California 
Foundation for Biochemical Research. 

All bacterial strains were grown at 32° for 24 hours on standard agar 


* This investigation was supported by a research grant from the Hadassah Medical 
Organization. 
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(1 per cent Difco peptone, 0.5 per cent sodium chloride, 0.25 per cent 
NasHPO,-12H,0, 0.3 per cent Bovril, 2.5 per cent agar; sterilization in 
the autoclave at 15 pounds pressure for 15 minutes). After harvesting, 
the cells were washed twice with saline and then with 0.05 m phosphate 
buffer of pH 7.5, until the supernatant solution, obtained by centrifugation, 
showed an optical density of less than 0.1 at 272 my. The density of the 
cell suspension was measured in a Coleman junior spectrophotometer at 
550 mu. 

Disintegration of the cells was achieved by treatment with a 9 ke, 
Raytheon sonic vibrator during 35 minutes at the temperature of tap water, 
After centrifugation in a high speed centrifuge at 10,000 r.p.m. for 10 min. 
utes, the solution was used directly for the enzymatic experiments. It 
contained, however, only a small portion (about 1 per cent) of the total 
enzymatic activity of the whole cells. The substrate specificity of cells 
and supernatant solution, inasmuch as the weak activity of the latter per- 
mitted tests to be carried out, proved to be identical. The enzyme solu- 
tion served, therefore, mainly for determination of the pH-activity curve. 

Enzymatic experiments were carried out, unless stated otherwise, with 
10° cells per ml. (optical density 0.65) in 0.05 m phosphate buffer of pH 7.5 
at 32°. At suitable intervals, aliquots of the suspension were centrifuged, 
and the supernatant solution was measured in a Beckman ultraviolet 
spectrophotometer. The amount of substrate oxidized during the first 10 
minutes was found to be directly proportional to the number of cells. 

Reactions with the enzyme extract were carried out at 22°. Disap- 
pearance of all xanthines was determined at 272 my and the formation of 
uric acids at 300 my. 3-Methyluric acid was identified as the oxidation 
product of 3-methylxanthine by taking advantage of the different pH de- 
pendence of uric acid and its 3-methyl derivative (see Fig. 1, A and B). 
Accordingly, readings were taken in this case at pH 2.0 and 7.5 at the 
following wave lengths: (a) 281 my, at which 3-methyluric acid does not 
change its optical density with pH; (b) at 287 my, at which the two curves 
for uric acid show an isosbestic point; and (c) at 300 my, at which the 
optical density of the 3-methyl derivative shows a ratio of about 2.4:], 
whereas for uric acid the corresponding values are 1.67:1. 

1-Methylxanthine can be measured in the presence of 1-methylhypoxan- 
thine by taking readings at 250, 260.5 (isosbestic point), and 275 my (Fig. 
2). Similarly, a mixture of 7-methylhypoxanthine and 7-methylxanthine 
can be analyzed by determining the optical density at 250, 264 (isosbestic 
point), and 280 my (see Fig. 3). In either case a positive result is indi- 
cated, when the optical density at the first wave length decreases and that 
at the third one increases. 

For the determination of the pH dependence of the bacterial xanthine 
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Fic. 1. Absorption spectra at pH 2.0 (X) and 7.5 (O) of (A) uric acid and (B) 
3-methyluric acid, both 10~¢ m. 
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Fig. 2. Absorption spectra of 1-methylhypoxanthine (©) and 1-methylxanthine 
(X), both 10-4 m, at pH 7.5. Isosbestic point at 260.5 my. 
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oxidase, the following buffers were used: pH 5.5 to 6.6, 0.1 M acetate; pH 
7.0 to 8.5, 0.05 m phosphate; pH >8.5, 0.025 m pyrophosphate. 

In the adaptation experiments, the substances to be tested were added 
to the standard medium in a concentration of 1 mg. per ml. 


j 


L ] 
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Fic. 3. Absorption spectra of 7-methylhypoxanthine (©) and 7-methylxanthine 
(X), both 10-4 m, at pH 7.5. Isosbestic point at 264 mu. 


Results 
Xanthine Oxidase Activity of Intestinal Bacteria and Related Species 


Various strains from the human intestine were screened for enzymatic 
activity against xanthine, theophylline, and 3-methylxanthine. The re- 
sults, summarized in Table I, show that none attacked theophylline. Out 
of the five species which utilized xanthine, three degraded this substrate 
with great delay, but uric acid was not detectable as an intermediate. 
However, with P. aeruginosa (and with several other species of Pseudo- 
monas), with Vibrio cholerae, and with Vibrio water, a saprophytic strain 
isolated from water, this reaction was observed, the uric acid accumulating 
first and then again disappearing (Fig. 4). The same species also con- 
verted 3-methylxanthine into 3-methyluric acid. The latter is not at 
tacked by bacterial uricase and is thus recovered quantitatively from the 
medium. Since theophylline was not attacked by resting Pseudomonas, we 
suspected that the oxidation, reported by Franke and Hahn, may occur only 
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in growing cells. However, when Pseudomonas aeruginosa was grown in a 
synthetic mineral-glucose medium, identical with the medium used by 
Davis and Mingioli (9) for Escherichia coli, but containing in addition 
| mg. per ml. of theophylline, the latter was recovered quantitatively at 


TABLE 
Activity of Various Bacterial Strains against Xanthines 


The substrates were added in a concentration of 10-*m. Number of cells, 5 & 10° 
per ml.; phosphate buffer 0.05 mM, pH 7.5. 


Strain Xanthine Uric acid 
+* + 
V. cholerae (Omawa) + + 
Vibrio water (non-pathogenic)........... ++ — + + 


* Enzymatic activity appears with a pronounced delay. 
t This strain was grown on a microassay culture of Difco agar. 


Lé300 


0-25 


TIME (HOURS) 


Fic. 4. Formation and disappearance of urie acid during oxidation of xanthine 
by P. aeruginosa. Concentration of cells, 10° per ml.; pH 7.5. O, original strain; 
O, after growing the strain in the presence of xanthine (1 mg. per ml.); X, after grow- 
ing in the presence of 3-methylxanthine (1 mg. per ml.); A, after growing in the pres- 
ence of theophylline. 
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the end of 48 hours, although the bacteria showed abundant growth. The 
same results were obtained with four other local strains of Pseudomonas, 
isolated from feces, wounds, or pond water, and with five strains from 
Great Britain. All of them showed exactly the same substrate specificity, 


TaBLeE II 


Relative Rates of Oxidation of Various Purines by Pseudomonas 
BDH (Whole Cells or Cell-Free Extracts) 


Substrate concentration, m. 


Substrate | Reeve | Reaction product | Remarks 


Group A, cell-free extract of Pseudomonas grown on xanthine; pH 5.5 


3-Methylxanthine............... 0.3 3-Methyluric acid 
Biympemnntiine................... 0.3 Uric acid Pathway unknown 
6,8-Dioxypurine.................| 0.2 


Group B, cell suspension of Pseudomonas grown on xanthine; 10° cells per ml.; pH 75 


Reaction product 
7-Methylhypoxanthine............................ + 7-Methylxanthine 
1-Methylhypoxanthine............................ —? 

All other xanthine derivatives. ................... 


although the rate of oxidation differed considerably from one strain to the 
other. 

On one occasion, in a test tube containing mammalian xanthine oxidase 
and 3-methylxanthine, an air-borne contaminant was found, which con- 
sisted of a wild Pseudomonas with considerably higher activity than the 
strains of P. aeruginosa used before. This strain also produced less pig- 
ment and proved to be more suitable for enzymatic studies. Since it has 
not yet been systematically classified, it is designated provisionally as Pseu- 
domonas BDH. 


an 
as 

t 

ti 
b 
d 
h 

t 


S. DIKSTEIN, F. BERGMANN, AND Y. HENIS 73 


Substrate Specificity of P. BDH 


With xanthine as standard, the relative rate of oxidation of other purine 
derivatives was determined by measuring both disappearance of substrate 
and formation of products (Table II). The compounds in Group A showed 
a sufficiently high rate to be measured with the enzyme solution obtained 


240 250 260 270 280 290 300 


A (mp) 


Fic. 5. Comparison of the spectral changes during oxidation of 7-methylhypoxan- 
thine by P. BDH, with the ‘‘theoretical’’ curve, calculated from Fig. 3, for quanti- 
tative conversion into 7-methylxanthine. Substrate 10~* M; bacterial suspension 
10*° cells per ml.; incubation time 2 hours; pH 7.5. The readings were taken at zero 
time and after 2 hours, the cells being removed by centrifugation. X, experimental 
points; O, theoretical curve. 


by destruction of the bacterial cells. In this group, uric acid was identified 
beyond doubt as an oxidation product. However, it was not possible to 
decide whether hypoxanthine and purine follow the same pathway, which 
has been established previously (1) for the reaction with mammalian xan- 
thine oxidases. 

The derivatives in Group B, because of their low rate of conversion, could 
only be tested with suspensions of whole cells. Due to the slowly progress- 
ing secretion of substances, which absorbed in the critical spectral range 
(250 to 320 my), great difficulty was experienced in identifying the oxida- 
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tion pro,ucts. The only substrate in Group B, for which the end produce 
of oxidation could be identified unequivocally, was 7-methylhypoxanthine. 
The absorption spectrum of the reaction mixture was measured in the be 
ginning and after 2 hours of incubation at 32°. The change in optical 
density, obtained from these two measurements, is compared in Fig. 5 
with the theoretical curve, derived from Fig. 3, by assuming quantitative 
conversion into 7-methylxanthine. The close similarity of the two curves 
in Fig. 5 is strong evidence for the conversion of 7-methylhypoxanthine 
into the corresponding xanthine, which itself is resistant to enzymatic at- 
tack (see Table II). 


TaBLeE III 


Rate of Enzymatic Oxidation As Influenced by Growing Pseudomonas 
BDH in Presence of Various Substrates 
The substrates were added in a concentration of 10-4 Mm to 5 & 10° cells per nl, 
Buffer, 0.05 m phosphate, pH 7.5. For adaptation 1 mg. per ml. of the derivative to 
be tested was added to the culture medium. 


! 


Enzymatic oxidation of 
Substrate added to 
culture medium — 
Xanthine 3-Methylxanthine Uric acid 

Original strain Slow Slow Slow 
Hypoxanthine Fast Fast Fast 

Xanthine 
3-Methylxanthine | As original strain | As original strain | As original strain 
Uric acid ce cc Fast 

tion?) 


Adaptation Experiments with P. BDH 


In view of the inability of all strains of Pseudomonas and Vibrio studied 
to attack any substituted xanthine besides the 3-methy] derivative, adap- 
tation experiments were carried out by growing P. BDH in media contain- 
ing various purine derivatives. Although the substrate specificity could 
not be changed in this way, enzymatic activity was enhanced in a specific 
manner (see Table III). When the organism was grown in the presence of 
hypoxanthine or xanthine, the rate of oxidation of xanthine, 3-methylxan- 
thine, and uric acid was increased. Addition of uric acid to the culture 
medium enhances only the uricase, but not the xanthine oxidase activity 
of P. BDH. On the other hand, 3-methylxanthine has no enhancing effect 
on either enzyme, although it is a substrate of the xanthine oxidase. F- 
nally, 3-methyluric acid, which is not attacked by the bacterial uricase, also 
has no influence on the bacterial enzymes (see Fig. 6, A, B, and C). It 
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thus appears probable that xanthine oxidase activity can only be ei hanced 
by purines, when the intermediates formed can be metabolized further. 
The biosynthesis of xanthine oxidase in the bacteria tested is thus linked to 
the simultaneous formation of uricase, but not vice versa. 


40 
TIME(min) 


10, C 
0.8 4 
x 
0.4) 
0-2 
20 40 
TIME (min) 


o 40 
TIME (min) 


Fic. 6. A, rate of oxidation of xanthine by P. BDH; B, rate of degradation of uric 
acid by P. BDH; C, rate of formation of 3-methyluric acid from 3-methylxanthine. 
Original strain (X), after growing in the presence of xanthine (0), hypoxanthine 
(A), uric acid (@), 3-methylxanthine (+), 3-methyluric acid (O). 


TaBLeE IV 


pH Dependence of Activity of Bacterial XO 

For these experiments the enzyme solution, obtained after destruction of .the cells 
ina sonic vibrator, was used. Substrate concentration, 10-‘m. The figures repre- 
sent the change of optical density at 300 mu (= Aesoo) per hour. 


Substrate 


pH 


7.7 


9.0 


3-Methylxanthine 


0.12 
Very small 


0.06 


Properties of Bacterial Xanthine Oxidase 


The enzyme found in Pseudomonas and Vibrio is rather unstable. The 
cells, which were washed and stored in the cold, lost most of their activity 
during 1 week. The enzyme solution proved to be even more labile and 
deteriorated completely during a few days when kept at 0°. 

The pH dependence of reaction rates was measured with the enzyme 
solution for the most active substrates only, 7.e. xanthine and 3-methy]- 
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xanthine. The results shown in Table IV are clear-cut evidence that th 
bacterial xanthine oxidase is different from the mammalian enzyme. Th 
latter possesses an optimum at pH 8.2, whereas the bacterial enzyme jp. 
creases its activity steadily from pH 9.0 to 5.5. It proved impossible ty 
extend the experiments below this value, since extensive flocculation ge 
in upon further acidification. 


DISCUSSION 


The present experiments show that among the bacteria of the huma 
intestine P. aeruginosa possesses the greatest capacity of oxidation for, 
variety of purine derivatives. Similar enzymatic activity was found ip 
V. cholerae and related strains, which are biochemically akin to Pseudo 
monas. In contrast to our findings, Franke and Hahn (7) reported oxidg. 
tive attack of 7-methylxanthine, theophylline, caffeine, and other methyl. 
ated purine derivatives. However, reexamination of their procedure re. 
vealed that increased oxygen consumption does not prove oxidation of the 
specific substrate added. Unless the strain used by these authors was en- 
tirely different from the ten strains tested by us, it appears that they in- 
terpreted their results incorrectly. 

A complete picture of the substrate specificity of bacterial xanthine 
oxidases and their ability to attack also other groups of substrates, such a 
aldehydes, can be obtained only after isolation and purification of the er- 
zymes. However, the results obtained so far reveal certain characteristic 
features and permit certain conclusions about the mechanism of oxidation 
by bacterial xanthine oxidases. Methylation at N-1 prevents enzymatic 
attack in hypoxanthine and xanthine. However, a methyl group at Ni 
(as e.g. in 7-methylhypoxanthine) does not interfere with oxidation of the 
double bond between C-2 and N-3. Similarly, methylation at N-3 (as eg. 
in 3-methylxanthine) does not prevent attack at the N(7)==C(8) position. 
Therefore, it is clear that the enzymatic mechanism cannot be represented 
by dehydrogenation of the central portion of the purine skeleton, m. 
HN(3)—C(4)=C(5)—N(7)H, in contrast to the conclusions reached pre 
viously with regard to mammalian xanthine oxidase. For the bactenal 
enzyme, it appears more probable that the reaction is concerned with an 
isolated C—=N bond, similar to the action of “aldehyde oxidase.” Hov- 
ever, such a mode of action does not provide any explanation for the 
fact that methylation at N-1 in xanthine prevents oxidation at the remote 
group N(7)=C(8). The question naturally arises whether the xanthine 
oxidase of Pseudomonas or Vibrio contains flavin as its prosthetic group, 
as is now well established for the mammalian enzyme (10). 

The observation that among all substituted xanthines only the 3-methy! 
derivative is attacked at a high rate by P. BDH and related strains, and 
that 3-methyluric acid is not metabolized, makes this bacterial species 4 
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s»nvenient tool for the determination of 3-methylxanthine in a mixture 
sith other purines. Xanthine, 1-methylxanthine, and many unsubstituted 


‘Fourines can be oxidized first to uric acids by mammalian xanthine oxidase, 


and subsequent exposure to uricase will destroy all materials interfering 
vith the determination of 3-methylxanthine as the corresponding 3-methy!]- 
yic acid. If P. BDH (or eventually the xanthine oxidase isolated from 
it) is now added to the reaction mixture, the only reaction taking place 
vill be the oxidation of 3-methylxanthine. > 
The results obtained so far with bacterial xanthine oxidases do not solve 
the problem of the origin of the substituted uric acids, which have been 
found in the metabolism of substituted xanthines. The only uric acid 
that could be derived from bacterial sources appears to be the 3-methyl 
derivative. But this acid has never been detected in the urine of test 


SUMMARY 


1. In various strains of Pseudomonas and Vibrio a xanthine oxidase is 


- present, with a substrate specificity and pH dependence different from 


those of the mammalian enzymes. 

2. Whereas these bacteria degrade the uric acid formed by oxidation of 
unsubstituted purines, they cannot metabolize 3-methyluric acid, the oxi- 
dation product of 3-methylxanthine. 

3. The properties of the bacterial xanthine oxidase indicate that bac- 
terial metabolism cannot be resnonsible for the occurrence of substituted 
uric acids in mammalian urine. 


The authors wish to thank Miss Hanna Engelberg and Dr. Ruth Segal 


‘ffor their help with some of the bacterial experiments. ‘They are obliged 


to Professor A. L. Olitzki and Professor N. Grossowicz of the Department 
of Bacteriology for the supply of the strains used in this investigation. 
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(Received for publication, June 13, 1956) 


Many studies have shown that, although glucose is converted to glu- 
curonides without cleavage of the carbon chain (2-8), free glucuronic acid 
functions poorly, if at all, as a precursor of glucuronic acid-containing 
compounds in living systems (e.g. phenol or alcohol glucuronides, muco- 
polysaccharides) (9-11). 

An important advance in elucidating the nature of the intermediates in 
the biosynthesis of glucuronic acid and its conjugates was made when 
Dutton and Storey discovered a thermostable cofactor in liver necessary 
for the formation of a phenol glucuronide by cell-free liver preparations 
(12). This compound was subsequently isolated and identified as uridine 
diphosphoglucuronic acid (13-15), and was shown to act as a substrate in 
a reaction in which glucuronic acid was transferred to a suitable acceptor 
with the formation of a glucuronide. 

The biosynthesis of this nucleotide might take place through various 
pathways. Kornberg (16) first showed that the synthesis of oxidized 
diphosphopyridine nucleotide! occurred via a reaction between adenosine 
triphosphate and nicotinamide mononucleotide with the formation of the 
nonsymmetrical pyrophosphate nucleotide and inorganic pyrophosphate. 
This type of mechanism has also been found to be operative in the synthesis 
of uridine diphosphoglucose (17) (Equation 1) and other nucleotides. 


(1) Uridine triphosphate + a-glucose-1-phosphate = UDPG + pyrophosphate 


However, although liver extracts and liver nuclei were able to catalyze the 
formation of UDPG from uridine triphosphate and a-glucose-1-phosphate, 
these preparations were unable to bring about the analogous synthesis of 


* A preliminary account of this work has previously appeared (1). 

t Present address, Department of Pharmacology, Washington University School 
of Medicine, St. Louis, Missouri. 

‘The following abbreviations will be used: DPN+ and DPNH for oxidized and 
reduced diphosphopyridine nucleotide, respectively; UDPG for uridine diphospho- 
glucose; UDPGA for uridine diphosphoglucuronic acid; UDPAG for uridine diphos- 
phoacetylglucosamine; Tris for tris(hydroxymethyl)aminomethane; DEA for di- 
ethanolamine; UDP for uridine diphosphate. 
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uridine diphosphoglucuronic acid from uridine triphosphate and either 
a- or B-glucuronic acid-1-phosphate (15). 

These facts suggested that an alternative mechanism might operate jp 
the synthesis of UDPGA, namely a direct oxidation of UDPG. In this pa. 
per, the purification and some of the properties of a specific DPN+t-requir. 
ing dehydrogenase which catalyzes a two-step oxidation of UDPG? will bk 
presented, together with evidence that the oxidation product is UDPGA, 


Materials and Methods 


Chemicals—UDPG was isolated from yeast* by ion exchange chroms- 
tography (18) by using a modification previously employed in the sep. 
aration of oviduct nucleotides (19). The UDPG fraction was subjected 
to chromatography on paper in neutral ethanol-ammonium acetate (20) 
in order to separate it from uridine diphosphoacetylglucosamine. The 
UDPG preparation so obtained was at least 90 to 95 per cent pure with 
respect to the bound glucose, when assayed enzymatically with UDPG 
pyrophosphorylase (21) and later with the UDPG dehydrogenase to be 
described here. Some later work was performed with the recently com. 
mercially available UDPG (Sigma Chemical Company, St. Louis). 

DPN? was obtained from the Sigma Chemical Company. o0-Aminophe- 
nol, morphine, and phenolphthalein were commercial samples. o0-Amino- 
phenol glucuronide was obtained as a gift from Dr. R. T. Williams, $t. 
Mary’s Hospital Medical School, London, England. 

Enzyme Assay—U DPG dehydrogenase activity was determined from the 
rate of DPN* reduction, measured spectrophotometrically at 340 m 
The system contained, in addition to enzyme, 0.1 umole of UDPG and 05 
umole of DPN* in a total volume of 0.5 ml. of 0.1 m glycine buffer, pH 8/7. 
A blank without substrate was included during the first stages of purifica- 
tion. A unit of activity was defined as the amount of enzyme required to 
give an increase in optical density of 0.001 per minute under the conditions 
of the test. Measurements were made with a Beckman model DU spec- 
trophotometer, with the size of the light beam reduced by a pinhole filter 
so that a volume of 0.5 ml. could be employed in silica cells of 0.5 em 
width and 1.0 em. light path. 

Other Methods—Glucuronic acid was estimated by the carbazole reaction 
(22). o-Aminophenol glucuronide was determined according to the method 
of Levvy and Storey (23), and for estimation of protein the procedure o 
Lowry et al. (24) was employed. For the preparation of liver fractions, 


2 Although the over-all reaction may be catalyzed by more than one enzyme, the 
activity concerned will be referred to as UDPG dehydrogenase. 

3 We are very grateful to Dr. J. Keresztesy and Mr. H. Lutterlough for their 
sistance in a large scale preparation of UDPG. 
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guinea pig liver was homogenized with 5 volumes of isotonic KCl in a 
Potter-Elvehjem type homogenizer. Nuclei and mitochondria were re- 
moved by centrifugation at 10,000 X g for 15 minutes. Microsomes were 
isolated from the supernatant fraction by centrifugation at 78,000 X g for 
| hour. 


Results 
Synthesis of Glucuronides by Liver Fractions 


It was found that, when a liver homogenate was centrifuged at 9000 X 
g for 30 minutes, the supernatant fluid, which contained both microsomes 
and the soluble supernatant fraction, was able to catalyze the synthesis 
of either morphine glucuronide‘ or o-aminophenol glucuronide when UDPG, 
DPN+t, and the appropriate acceptor were added to the incubation mix- 
ture. With further fractionation of the system, it was evident that the 
particle-free supernatant fraction in the presence of UDPG and DPN* 
would catalyze the synthesis of an “active” intermediate. Incubation of 
this intermediate with an acceptor and microsomes, which contained the 
enzyme for transfer of glucuronic acid from UDPGA to the acceptor, re- 
sulted in glucuronide synthesis (cf. (1) Table I). 


Purification of UDPG Dehydrogenase from Calf Liver Acetone Powder 


From the results described above, it seemed likely that the soluble frac- 
tion contained an enzyme which catalyzed the oxidation of UDPG to 
UDPGA, the cofactor previously found to be active in the synthesis of 
glucuronides (13-15). A UDPG-dependent reduction of DPN*t catalyzed 
by the supernatant fraction or by an aqueous extract of calf liver acetone 
powder was observed. By employing measurement of DPN* reduction 
as an assay, the oxidizing enzyme was purified from the extract of calf liver 
acetone powder. Liver was obtained from freshly slaughtered calves, 
sliced into strips, and chilled in crushed ice. Acetone powder was prepared 
according to Horecker (26). Dry powder stored at — 10° could be used for 
at least 2 months. The purification procedure was carried out at 0—5°, ex- 
cept where otherwise noted. 

Step 1. Water Extract of Acetone Powder—100 gm. of acetone powder 
were extracted for 30 minutes in 2000 ml. of water and centrifuged, and the 
residue was discarded. 


‘When morphine was incubated with UDPG, DPN*, guinea pig liver microsomes, 
and the soluble fraction, considerable amounts of the drug disappeared, as measured 
by the method of Shideman and Kelley (25). When the incubated reaction mixture 
was autoclaved at 15 pounds pressure in 1 Nn HCl, morphine was recovered. When 
either DPN*+, UDPG, or the soluble fraction was omitted, negligible disappearance of 
morphine occurred. 
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Step 2. Precipitation with Ammonium Sulfate (between 40 and 55 Pe 
Cent Saturation)*—To 1800 ml. of the supernatant fraction, 406 gm. of 
ammonium sulfate were added. The precipitate was discarded, and 155 
gm. of ammonium sulfate were added to the supernatant fraction. The 
precipitate was dissolved in 200 ml. of water. 

Step 3. Reprecitpitation with Ammonium Sulfate (between 35 and 50 Per 
Cent Saturation)X—The preparation was about 5 per cent saturated with 
ammonium sulfate (measured by conductivity with a Barnstead purity 
meter, Barnstead Still and Sterilizer Company, Boston, Massachusetts), 
30 gm. of additional ammonium sulfate were added to bring the saturation 
to 35 per cent, and the precipitate was discarded. To the supernatant 
fraction 23.4 gm. of ammonium sulfate were added, and the precipitate was 
dissolved in 150 ml. of water. This preparation could be stored at —20° 
for several days without significant loss of activity. 

Step 4.6 Removal of Impurities by Heat and Acidification—The pH was 
adjusted to 4.9 with 1 N acetic acid, and the temperature was rapidly 
brought to 50° by immersion in a hot water bath. The preparation was 
kept at this temperature for 1.5 minutes, rapidly cooled to 2—5°, and the 
pH was adjusted to 4.1. After 10 minutes the inactive precipitate was 
centrifuged. 

Step 5. Precipitation with Alkaline Ammonium Sulfate (between 35 and 
55 Per Cent Saturation at pH 8)—The supernatant fraction (168 ml.) 
from Step 4 was adjusted to pH 8.1 with 2N NH,OH. 91 ml. of saturated 
alkaline ammonium sulfate (pH 8.0, when diluted 5-fold, prepared by 
adding 3.7 ml. of concentrated NH,OH to 1 liter of saturated ammonium 
sulfate) were added, and the precipitate was discarded. 79 ml. of alkaline 
ammonium sulfate were added to the supernatant fraction. The resulting 
precipitate was dissolved in 100 ml. of water, and the solution was im- 
mediately adjusted to pH 5.9 with acetic acid. Activity decreased rapidly 
if the enzyme was stored at pH 8. 

Step 6. Fractionation with Acetone (0 to 13 Per Cent)—The preparation 
was dialyzed against 0.02 m acetate buffer, pH 5.9, for 5 hours at 2° and 
diluted to 200 ml. with the acetate buffer. 30 ml. of acetone (at —10°) 
were slowly added while the temperature fell to about —5°. After 30 
minutes, the precipitate was collected and dissolved in 55 ml. of water. 
Any insoluble material was centrifuged off. 

Step 7. Calcium Phosphate Gel Adsorption and Elution—To 54 ml. of 
the preparation from Step 6, 18 ml. of calcium phosphate gel (27) (17.9 mg. 
of solids per ml., 3 years old) were added, and, after 10 minutes, the sample 


5 The saturation percentage is based on solubility at 0°. 
6 As the enzyme is best stored at pH 6, the preparation was adjusted to this pH 
when storage was necessary during either of these steps. 
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was centrifuged. The gel was resuspended in 72 ml. of 0.05 m potassium 
phosphate buffer, pH 7.3, and the sample was centrifuged after 10 minutes. 
The supernatant fluid was discarded, and the gel was eluted first with 72 
ml. of 0.16 Mm phosphate, pH 7.3, and then with 24 ml. of 0.16 m phosphate, 
pH 7.3. These eluates, which contained the enzymatic activity, were 
combined, and 38 gm. of ammonium sulfate (60 per cent saturation) were 
added. The resulting precipitate was centrifuged and dissolved in 4 ml. of 
water. 

The purification and yield obtained by this procedure (Table I) are 
quite dependent on Step 6, which has given variable results. Usually, 
the procedure gives an enzyme, purified somewhat more than 200-fold, in 


TABLE I 
Purification of UDPG Dehydrogenase 


Step No. Volume Units X 107 Protein = 
ml. 
1 Extract 1800 1210 21,400 57 
2 Ammonium sulfate ppt. 200 1088 5,440 200 
I 
3 Ammonium sulfate ppt. 150 1030 3,980 260 
II 
4 Heated and acidified 168 930 1,440 640 
5 Alkaline ammonium sul- 105 640 484 1,320 
fate ppt. 
6 Acetone 55 95 16.6 | 5,700 
7 Calcium phosphate gel 4 64 5.0-| 12,800 


about 10 per cent yield. However, yields up to 30 per cent have been 
obtained, and one small scale trial resulted in enzyme about 400-fold 
purified. 


Properties of Purified Enzyme 


Stoichiometry of DPN+ Reduction with UDPG Addition—For each mole 
of UDPG added, 1.95 moles of DPN+ were reduced (1). Even the purest 
preparation obtained (about 400-fold purification) catalyzed a two-step 
oxidation. 

Reversibility—A net reversal of the oxidation of UDPG could not be 
demonstrated. In an incubation mixture containing UDPGA and DPNH, 
no enzyme-dependent oxidation of DPNH was observed. Neurospora 
DPNase (28)? was added to bring about a removal of small amounts of 


’ Neurospora DPNase was kindly given by Dr. Nathan Kaplan. 
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DPN?+ which might be formed in the reverse reaction, but this addition 
had no observable effect. 

Buffer Effect—Under the conditions of the assay a large variation in 
initial rate of reaction was observed with different buffers, the relative 
rates at pH 9.0 with glycine, Tris, pyrophosphate, and diethanolamine 
being 100, 83, 55, and 48, respectively. 

Effect of pH—The pH optimum for the purified enzyme is 8.7 (Fig. 1), 
In order to exclude the buffer effect described above, a mixed buffer consist- 
ing of phosphate, Tris, and glycine, each 0.1 m final concentration, adjusted 
to the desired pH with HCl or NaOH, was used throughout the hydrogen 
ion concentration range studied. 


EFFECT OF pH ON UDPG DEHYDROGENASE 


100 


/MIN. 


6.5 7 7.5 8 8.5 
pH 
Fig. 1. pH optimum for UDPG dehydrogenase 


Specificity—Guanosine diphosphomannose, uridine diphosphoacetylglu- 
cosamine, uridine diphosphoacetylgalactosamine, uridine diphosphogalac- 
tose, a-glucose-1-phosphate, glucose, and ethyl alcohol were not oxidized 
by UDPG dehydrogenase (less than 0.4 per cent of the rate with UDPG). 
Both deamino DPN? and the acetyl pyridine analogue® were reduced 
by UDPG, and supported a two-step oxidation. Triphosphopyridine nv- 
cleotide was inactive. 

Stability—Both the preparation after calcium phosphate adsorption and 
that after acetone fractionation could be stored at — 10° with little loss in 
activity over periods of several weeks. 


§ Both deamino DPN? and the acetyl pyridine analogue were gifts from Dr. Na- 
than Kaplan, The Johns Hopkins University. 
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Identification of Product of Oxidation of UDPG by Purified Enzyme 


Activity of Oxidation Product in Glucuronide Synthests—The product of 
the enzymatic oxidation of UDPG could replace either the liver factor of 
Dutton and Storey (12, 13) or the ‘‘active” intermediate synthesized from 
UDPG and DPN?* by the soluble fraction of liver, in glucuronide synthesis 
(Table II). In order to show the relationship between DPN?t reduction 
and glucuronide synthesis, the following experiment was conducted. An 
incubation was carried out in which DPNH formation was followed; 
aliquots were removed at intervals and heat-inactivated. The amount of 


TABLE II 


Enzymatic Synthesis of Glucuronide Catalyzed by Purified UDPG Dehydrogenase 
Coupled with Microsomal Conjugating Enzyme 


The synthesis of the glucuronide was carried out in two stages. In Stage 1, the 
complete system contained UDPG (0.12 umole), DPN+t (0.4 umole), and purified 
UDPG dehydrogenase in 0.5 ml. of 0.1 m glycine, pH 9. After 30 minutes at room 
temperature, after which no further DPN* reduction was observed, the enzyme was 
inactivated by immersion in a boiling water bath for 1 minute. In Stage 2, 0.5 
umole of o-aminophenol, 50 uymoles of MgCl., and washed microsomes corresponding 
to 100 mg., wet weight, of guinea pig liver were added to the inactivated sample (pH 
adjusted to 7.4 with KH.2PO,) from Stage 1. After 30 minutes incubation at 37°, 
o-aminophenol glucuronide was measured by the method of Levvy and Storey (23). 


Stage 1 Stage 2 o-Aminophenol glucuronide 
pmole 
Complete system Complete system 0.048 
Minus DPNt+ 0.002 
Complete system Minus microsomes 0.002 
Liver factor* Complete system 0.017 


* Liver factor (ethanol-precipitated barium salt) (12, 13) was substituted for the 
Stage 1 incubation. 


UDPGA in these fractions was estimated by the formation of phenol- 
phthalein glucuronide, catalyzed by the liver microsomes. For each 2 
moles of DPN+ reduced, 0.7 to 0.9 mole of UDPGA was formed (Table 
III). Yields of about 70 per cent glucuronide formation have also been 
obtained by both Storey and Dutton (14), and by Isselbacher and Axelrod 
(29). 

Isolation of Oxidation Product—In order to isolate the product of the 
reaction, an incubation was carried out as follows: UDPG 12 umoles, DPNt 
75 umoles, and UDPG dehydrogenase (3.7 X 10? units per ml., 5 ml.), in 
a final volume of 100 ml. of 0.1 m DEA, pH 8.7. 1 ml. of this mixture 
was placed in a cuvette, and the DPN* reduction was followed spectro- 
photometrically at 340 my. The main portion was incubated for 45 
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minutes at room temperature, at which time DPNH formation in the 
aliquot indicated that 75 per cent of the UDPG had been oxidized (85 
umoles). 50 umoles of acetaldehyde and 1 drop of concentrated alcohol 
dehydrogenase (Worthington Biochemicals Corporation) were added jn 
order to reoxidize the reduced DPN’, since previous experience had shown 
that hydrolysis products of DPNH interfered with chromatographic sepa. 
ration of UDPGA. The mixture was put on a column of Dowex 1 chlo 
ride (2 per cent divinylbenzene cross-linked) 15 cm. X 1 sq. cm., without 


TaBLE III 
Relation between DPN* Reduction and Glucuronide Synthesis 


The incubation was carried out in two stages, asin Table II. In Stage 1 (synthe. 
sis of UDPGA), each tube contained UDPG 0.55 umole; DPNt 2.0 umoles; and 
UDPG dehydrogenase in a final volume of 0.5 ml. of 0.1 mM glycine, pH 9. After vari- 
ous intervals of incubation at room temperature, aliquots were removed and the 
reaction was stopped by heating at 90° for 1 minute. DPNH formation was estimated 
from the increase in optical density at 340 my, with a molar extinction coefficient of 
6220. The amount of UDPGA was estimated in the incubation of Stage 2 by the 
formation of phenolphthalein glucuronide (29). The reaction mixture contained 
0.05 ml. aliquots of the product of Stage 1, 0.2 ml. of 0.1 m phosphate buffer, pH 75, 
0.15 ml. of phenolphthalein (0.013 umole), 0.05 ml. of 0.1 m MgCl, 0.05 ml. of miero- 
somes obtained from 50 mg. of guinea pig liver. After 30 minutes incubation at 37°, 
0.5 ml. of 1 Mm glycine was added to each sample, and the phenolphthalein glucuronide 
formed was determined from the decrease in optical density at 540 my by using, as 
the standard, reagent grade phenolphthalein (Merck) under conditions of this test. 
The control tube was an incubation mixture from which DPN* was omitted in 
Stage 1. 


Phenolphthalein 


DPNH formed glucuronide formed 


Time of incubation, Stage 1 


min. 
15 
45 


pmole 


0.46 
0.72 


umole 


0.21 
0.28 


0.91 
0.78 


* Micromoles of phenolphthalein glucuronide formed per 2 wmoles of DPNH. 


deproteinization. Elution of the column (Fig. 2) was carried out at 2 
with the gradient elution method employed in the separation of oviduct 
nucleotides (19). Initially, the mixing flask contained 200 ml. of 0.01 
HCI and the reservoir 200 ml. of 0.14 m NaClin 0.01 N HCl. 5 ml. samples 
were collected at 30 minute intervals. When the reservoir was empty, it 
was refilled once with 200 ml. of 0.14 m NaCl in 0.01 n HCl and subse- 
quently with 200 ml. of 0.3 m NaCl in 0.01 m HCl. Three separate frac- 


tions between tubes 74 and 140 were pooled, adsorbed on Darco KB, and §, 


eluted (18). The carbazole test for uronic acids was carried out on aliquots 
of each sample. Additional aliquots were taken for measurement of 
o-aminophenol glucuronide formation in the presence of fresh liver micro 
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CHROMATOGRAPHIC SEPARATION OF UDPGA 
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Fig. 2. Chromatographic separation of enzymatically synthesized UDPGA. The 
—— } column was Dowex 1 chloride (2 per cent divinylbenzene), 1 sq. cm. X aad em., and 
was developed as described in the text. 


TABLE IV 
Identification of Enzymatically Synthesized UDPGA 


UDPGA was synthesized from UDPG and DPN’, catalyzed by purified UDPG 
i dehydrogenase, and isolated as described in the text. An analytical comparison 
: was made of fractions from various pooled tubes from the chromatogram of Fig. 2. 


2° Tube Nos. Uridine* Uronic acidt 
duet 

Ol x pmoles pmoles pmoles 

aples 74-96 1.6 1.4 0.7 

y, it 97-119 2.6 2.8 1.5 

7 120-140 1.6 1.7 0.8 

1bse- 

frac- * Determined from ultraviolet absorption at 262 my by using a molar extinction 


and coefficient of 9890 (30). 

'  t Determined from the carbazole reaction. The total recovery, according to the 
carbazole test, was 5.9 umoles of UDPGA obtained from 12 ymoles of UDPG. 

t Determined by incubation with o-aminophenol and microsomes as described in 
Table II. 
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somes. For each mole of uracil present, 1 mole of uronic acid was found, A 
and 0.44 to 0.58 mole of o-aminophenol glucuronide was synthesized (Table | mig! 
IV). The compound had the characteristic spectrum of a uridine nucleo- | UD! 
tide (Emax at 262 My in 0.1 N HCl, Eos / E = 0.77, / E260 == 0.34, even 
Emax (alkali)/Emax (acid) = 0.81), and, after hydrolysis in 0.1 N HCl for A 
5 minutes, 0.8 mole of UDP was formed per mole of uracil (measured in | the « 
the pyruvate phosphokinase system (31, 32)). UDP was also obtained } follo 
from enzymatically synthesized UDPGA as a product of the microsomal } euro 


conjugation reaction by Isselbacher and Axelrod (29). The 
tion 

DISCUSSION 
an a@ 


The results obtained above establish that the soluble fraction of liver It 
homogenate contains an enzyme which catalyzes the oxidation of UDPGin } conj: 


the following equation: curo 
(2) UDPG + 2DPN+ — UDPGA + 2DPNH + 2H* hydr 

react 
When considered with the reaction in which UDPG is synthesized from thyr 


uridine triphosphate and glucose-1-phosphate (17) (Equation 1), a path- | pjlic 
way for the synthesis of UDPGA from glucose or glycogen is established. | to 
This mechanism undoubtedly represents a major pathway in the bio- enzy 
genesis of glucuronic acid. 

The oxidation of UDPG is essentially irreversible and proceeds smoothly 
to completion with no evidence for the occurrence of an intermediate com- | 7} 
pound at the oxidation level of aldehyde. Several attempts have been | on; 
made to obtain such an intermediate. All experiments carried out with step 
possible trapping agents (semicarbazide, hydroxylamine) have been un- | oid. 
successful (cf. (1)), and 200- to 400-fold purification of the enzyme has purif 
failed to resolve the oxidation into two steps. Adams has recently en- | pow 
countered a similar situation in a study of the oxidation of the amino aleo- | tion. 
hol, histidinol, to the amino acid, histidine, by yeast and bacterial enzymes | jqent 
(33, 34). Adams was able to synthesize the intermediate aldehyde, histi- 
dinal, and it is of some interest that, although the oxidation or reduction 
of the synthetic histidinal was inhibited by semicarbazide, this intermedi- | 1. s| 
ate could not be trapped by carbonyl reagents added during the oxidation 


of histidinol. Kinetic analysis, mutant studies, and enzyme purification | 2 ™ 
have all been consistent with the formulation that the two-step oxidation : z 
of histidinol is catalyzed by a single enzyme. Adams suggests that the | 5 p 
intermediate exists only as an enzyme-bound substance, and similarly it 
seems possible that this might also be the case for an aldehyde inter-; 6.R 
mediate in the oxidation of UDPG to UDPGA. It must, however, be) ._ 
borne in mind that several examples of the oxidation of an alcohol to an ; : 
acid catalyzed by two separate enzymes are known. A recent interesting | 9 p 
example is the oxidation of homoserine to 8-aspartyl phosphate (35). 10. B 
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Attempts have also been made to ascertain whether or not a lactone 
might be formed primarily or secondarily in the course of the oxidation of 
UDPG. The formation of a hydroxamate could not be demonstrated, 
even when the reaction was carried out in the presence of hydroxylamine. 

Another point of structure which this study amplifies is the question of 
the configuration at the glucoside bond. Since UDPG is an a-glucoside, it 
follows from the route of synthesis that UDPGA is probably an a-glu- 
curonide, as it is unlikely that inversion would occur during the oxidation. 
The alkali lability of the compound (14), presumably through the forma- 
tion of glucuronic acid-cyclic phosphate (1:2), is additional evidence for 
an aw structure. 

It seems clear also that inversion of this configuration occurs during the 
conjugation reaction. o-Aminophenol glucuronide (13) and other glu- 
curonides (29, 36) synthesized from UDPGA have all been found to be 
hydrolyzed by B-glucuronidase. The known acceptors in the conjugation 
reaction now include, in addition to o-aminophenol and menthol (13), 
thyroxine (29), tetrahydrocortisone (29), phenolphthalein (29), anthra- 
nilie acid (36), p-aminobenzoie acid (36), and morphine. Information as 
to whether these various conjugation reactions are catalyzed by the same 
enzyme is not yet available. 


SUMMARY 


The soluble fraction of liver homogenate has been shown to contain an 
enzyme, uridine diphosphoglucose dehydrogenase, which catalyzes a two- 
step oxidation of uridine diphosphoglucose to uridine diphosphoglucuronic 
acid. ‘The enzyme or enzymes which catalyze this oxidation have been 
purified 200- to 400-fold from an aqueous extract of calf liver acetone 
powder, and some of its properties were examined. The product of oxida- 
tion of uridine diphosphoglucose by the purified enzyme was isolated and 
identified as uridine diphosphoglucuronie acid. 
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RHAMNOSE AND RHAMNOLIPIDE BIOSYNTHESIS BY 
PSEUDOMONAS AERUGINOSA* 
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Harvard Medical School, Boston, Massachusetts) 


(Received for publication, February 23, 1956) 


Pseudomonas aeruginosa produces, when grown on a glycerol or fructose 
medium, a unique glycolipide composed of 2 moles each of L-rhamnose 
and 6-hydroxydecanoic acid. The formula of the isolated compound as 
determined by Jarvis and Johnson (3) is shown in Fig. 1. Various aspects 
of the conditions under which this rhamnolipide is produced have been 
investigated previously. Further, a synthetic medium for its production 
and a suitable assay have been developed (4). In addition to the interest 
concerning the whole molecule as an example of a simple crystalline glyco- 
lipide, both constituent moieties are of considerable significance in their 
own right. 

Rhamnose is the most widely occurring and best known methylpentose, 
yet no information is available about its origin in nature. The most 
common L-rhamnose-containing natural products are quercitrin and na- 
ringin (5), but the sugar has also been identified in certain cardiac gly- 
cosides and saponins (6), in some plant pigments (5), in bacterial polysac- 
charides (7) and lipopolysaccharides (8), and in plant gums and mucilages 
(9). Since P. aeruginosa cultures produce relatively large quantities of 
rhamnolipide (4), they offered a suitable system for the study of rhamnose 
biosynthesis. 

8-Hydroxydecanoic acid is one of a limited number of hydroxylated 
fatty acids in nature. However, evidence as to the essential role of B- 
hydroxy fatty acids in the synthesis and breakdown of fatty acids has 
accumulated in recent years (10) and in this connection the lipide com- 
ponent of the rhamnolipide assumes importance. 

In the present paper, data on the incorporation of radioactivity from 
glycerol-a-C', glycerol-6-C™, and acetate-1-C“ into rhamnolipide have 


* This work was supported in part by the Atomic Energy Commission and by a 
grant from the Eugene Higgins Trust through Harvard University. The data pre- 
sented in this paper were taken in part from a thesis presented by George Hauser to 
the Graduate School of Arts and Sciences of Harvard University in partial fulfilment 
of the requirements for the degree of Doctor of Philosophy, 1955. Preliminary 
reports have appeared (1, 2). 

t Postdoctoral Research Fellow of the United States Public Health Service. 
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been obtained. From these data, information on possible modes of bio- 
synthesis of both moieties was derived. 


EXPERIMENTAL 
Production and Isolation of Samples of Rhamnolipide 


P. aeruginosa was grown on Bacto-peptone (Difco) and synthetic media 
and rhamnolipide was isolated and assayed as previously described (4), 


H H 
—¢—o- CH — COO-CH — COOH 
HCOH (CH )g (CHa) 
HCOH HC CH, CH; HO 
HOCH HOCH 
CH, CH; 


Fig. 1. Structure of the rhamnolipide of P. aeruginosa according to Jarvis and 
Johnson (3). 


— TO 
MANOMETER 


VACCINE 
PORT 


MEDIUM 
Fig. 2. Flask used in experiments with CO, 


Cultures were shaken in a constant temperature water bath in the hood. 
Sufficient carrier rhamnolipide was added so that about 1 gm. of the pure 
substance could be obtained after isolation and recrystallization. 

For CO, incorporation experiments, a special 2 liter flask was designed 
(Fig. 2) in which 25 ml. of synthetic medium containing 1 per cent glycerol 
were shaken in contact with a gas phase containing 2 per cent Cy 
The CO, was liberated by rotation of the two compartment attachment 
and sampled through the vaccine port. 

Glycerol-a-C™“ and glycerol-8-C™“ were synthesized by the method of 
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Gidez and Karnovsky (11) and acetate-1-C™ by that of Sakami et al. (12). 
When necessary, glycerol was assayed as described by Karnovsky and 
Brumm (13). 

A total of thirteen samples of rhamnolipide for assay of radioactivity 
and subsequent hydrolysis and degradation was prepared. The following 
media and substrates were used:! Bacto-peptone medium, 3 per cent glyc- 
erol-a-C'4 (two experiments, designated Ba-a); Bacto-peptone medium, 3 per 
cent glycerol-B-C™ (two experiments, designated Ba-8); synthetic medium, 
1 per cent glycerol-a-C'* (two experiments, designated Sy-a); synthetic 
medium, 1 per cent glycerol-8-C™ (three experiments, designated Sy-8); 
synthetic medium, 1 per cent glycerol (10.83 mmoles per 100 ml.), 0.133 per 
cent sodium acetate-1-C™ (1.63 mmoles per 100 ml.)? (two experiments, 
designated Sy-Ac); synthetic medium, 1 per cent glycerol, C'O.-containing 
atmosphere (two experiments, designated Sy-CO,z). 


Isolation of Rhamnose and B-Hydroxydecanoic Acid 


For the isolation of the constituent moieties the rhamnolipide was 
hydrolyzed (3) and the hydrolysate was extracted with ether. The aqueous 
phase was neutralized, taken to dryness under a vacuum, and extracted 
several times with ethanol. The ethanol extract was decolorized with 
charcoal and evaporated under nitrogen to yield rhamnose. The ether 
fraction was taken to dryness under nitrogen and the remaining B-hydroxy- 
decanoic acid was purified by converting it to the sodium salt which was 
washed with ether. ‘This salt was then converted back to the free fatty 
acid, the acid was extracted into ether, and the ethereal solution was 
washed. When the ether was evaporated, the fatty acid was récovered. 
Its degree of unsaturation was low (iodine numbers by the method of 
Yasuda (14) ranged from 3 to 6), indicating that virtually no dehydration 
had occurred. 


Degradation of Rhamnose 


In order to locate C" in the individual carbon atoms of rhamnose, three 
series of reactions were performed. 


Isolation of C-1+-2+-3, C-4, and C-6+6 


Rhamnose phenylosazone, prepared by the method of Garard and 
Sherman (15) for glucose phenylosazone, was oxidized with periodic acid 


‘The letter symbols will be used throughout this paper to designate the experi- 
ments from which the results under ‘‘Results and discussion’’ were obtained; 7.e., 
Ba refers to Bacto-peptone and Sy to synthetic media and a or 6 indicates the posi- 
tion of the label in the glycerol molecule when glycerol-C™ was used. Ac and CO: 
refer to experiments in which the radioactivity was present as acetate or carbon 
dioxide. 

?This ratio of acetate carbon to glycerol carbon had previously been shown to be 
optimal for rhamnolipide production (4). 
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and the mesoxalaldehyde-1 ,2-bisphenylhydrazone (C-1+2+3) was col- 
lected (16). Acetaldehyde (C-5+6) was aerated into a trap and pre. 
cipitated as the dimedon complex (17). The formic acid formed (C-4) 
was oxidized to CO, (18) which was trapped as barium carbonate. 


Isolation of C-1, C-5, and C-6 


Rhamnose was oxidized to barium rhamnonate (19) which was converted 
to the potassium salt by agitating an aqueous suspension with a slight 
excess of potassium sulfate and removing the resulting barium sulfate by 
centrifugation. The potassium rhamnonate was oxidized with periodate, 
essentially as described by Bernstein (20) for potassium ribonate, except 
that the oxidation was carried out at 0°. Acetaldehyde (C-5+6) and 
CO, (C-1) were simultaneously aerated from the reaction mixture and col- 
lected, respectively, in a 2 per cent bisulfite solution and a BaOH-BaCl, 
trap. A flask containing KMnQ, solution was interposed between the two 
traps in order to prevent SO, from being carried into the CO. trap. From 
the latter, BaCO; (C-1) was isolated by centrifugation, washed, and plated. 
The aeration of acetaldehyde was completed at 100° after removal of the 
CO, trap and neutralization of excess periodate. An aliquot of the acet- 
aldehyde-bisulfite complex was assayed by titration with iodine after 
destruction of excess bisulfite with iodine and decomposition of the complex 
with sodium bicarbonate. The remainder of the complex was decomposed 
with dipotassium hydrogen phosphate and the acetaldehyde was distilled. 
The iodoform reaction (21) yielded iodoform (C-6) and formic acid (C-5) 
which was steam-distilled, oxidized to CO, (18), and isolated as BaCQ3. 

In a control experiment, nitrogen was swept through a solution of glu- 
cose-1-C™ into a solution of formic acid while the sugar was undergoing 
periodate oxidation. No radioactivity, representing formic acid (C-1 of 
glucose), appeared in the trap. Thus, under the conditions described above 
for rhamnonic acid, the acetaldehyde removed in a stream of nitrogen 
would not be contaminated with carbons 2, 3, or 4 which appear as formic 
acid, 


Isolation of C-14-2, C-384+-4, and C-6+6 


Another aliquot of rhamnose was converted to the dichlorophenyl- 
hydrazone (22) and the derivative was oxidized as described by ‘Topper and 
Hastings for glucose phenylosazone (16), except that the reaction period 
was reduced to 5 minutes. The precipitated glyoxal dichlorophenyl- 
hydrazone (C-1+2) was centrifuged and recrystallized from 40 per cent 
ethanol. A similar reaction carried out on glucose has recently been 


3 Glucose-1-C™ and -2-C™ were obtained from Dr. H. S. Isbell of the National 
Bureau of Standards, Washington, D. C. 
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reported (23). Control experiments with glucose-1-C'* and -2-C™ gave 
glyoxal dichlorophenylhydrazone with a specific activity greater than 95 
per cent of that of the starting material.’ 

The formic acid in the supernatant solution (C-3+4) was treated as 
described above. Acetaldehyde (C-5+6) may also be obtained and treated 
as described above. 


Degradation of B-Hydroxydecanoic Acid 


Carbons 1+2 of the B-hydroxydecanoic acid were obtained as CO: by 
the method of Bergstrém et al. (24) adapted for the collection of CO, in 
the Van Slyke apparatus (25). 


Determination of Radioactivity 


Conversion of bacteria, rhamnolipide, and fatty acids to CO, for counting 
was by the Van Slyke-Folch wet combustion technique (26) and CO, was 
collected as described by Van Slyke et al. (25). Media were counted 
directly after evaporation. Dimedon complexes, iodoform, osazones, and 
hydrazones were counted as such (27). All counting was done on stainless 
steel planchets with a plating area of 1.60 sq. cm. in a proportional gas 
flow counter (28). 


RESULTS AND DISCUSSION 


Comparatively little is known about the metabolism of P. aeruginosa. 
Of late, however, interest has been directed toward this and related organ- 
isms, and present knowledge has recently been reviewed (29). Most of 
the literature is, however, concerned with the breakdown of glucose, and 
no information is as yet available about the pathways of glycerol or acetate 
in this organism. This would, of course, be the information needed to 
formulate a metabolic scheme to account for the formation of rhamnolipide 
from these substrates. 

While details about the stepwise transformation of glycerol and acetate 
by P. aeruginosa are lacking, an over-all hypothesis might be advanced to 
account for the production of the two components of rhamnolipide. ‘The 
results detailed in this paper, particularly those obtained on synthetic 
media, for which the carbon sources were clearly defined, are thus compared 
with the hypothesis which is outlined below. 


Hypothesis for Origin of Carbon of Rhamnolipide M oieties 


Rhamnose can be imagined to have been formed from two 3-carbon 
units arising from glycerol, while each fatty acid might have been syn- 
thesized from five 2-carbon units, each being formed from the 3-carbon 
chain of glycerol by the loss of 1 carbon atom. A total of 14 glycerol 
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molecules is postulated to have contributed the carbon of 1 rhamnolipide 
molecule, 4 molecules of glycerol yielding the rhamnose and 10 forming the 
fatty acid moieties. 

Such a hypothesis, represented diagrammatically in Fig. 3, allows 
postulation of the following: (1) the relationship between the specific 
activity of substrate carbon and product carbon in experiments with 
synthetic media, (2) the proportions of the activity of rhamnolipide to be 
found in rhamnose carbon or in fatty acid carbon, (3) the disposition of 
activity within each moiety. 


RL FORMATION 


FROM FROM 
GLYCEROL a- GLYCEROL - B- 
00 @ oe 0 0 

C0®0008000 B-HYDROXY- Gecececece 
@ccceccoeo ~~ DECANOIC —— 


S------- RHAMNOSE — — — — — — — 


Fic. 3. Schematic representation of the hypothesis for rhamnolipide (RL) for- 
mation. @, C' atoms. The following relationships can be derived: (1) average 
specific activity of glycerol-a-C™ carbon = @/3; for rhamnolipide components formed 
from glycerol-a-C', average specific activity of rhamnose carbon = @/3, average 
specific activity of 8-hydroxydecanoic acid carbon = @/4; thus the average specific 
activity of rhamnose carbon is 100 per cent and that of the 8-hydroxydecanoic acid 
75 per cent of the average specific activity of glycerol-a-C' carbon. (2) Average 
specific activity of glycerol-8-C'™ carbon = @/3; for rhamnolipide components formed 
from glycerol-8-C™, average specific activity of rhamnose carbon = @/3, average 
specific activity of 8-hydroxydecanoic acid carbon = @/2; thus the average specific 
activity of rhamnose carbon is 100 per cent and that of 8-hydroxydecanoic acid 10 
per cent of the average specific activity of glycerol-8-C" carbon. 


Thus (1) the rhamnose and fatty acid would have a carbon specific 
activity of 100 and 75 per cent, respectively, of that of the substrate in 
rhamnolipide derived from glycerol-a-C™ and of 100 and 150 per cent, 
respectively, when glycerol-8-C™ was used (Fig. 3). If, now, each moiety 
is properly weighted for the number of carbons it contains, rhamnolipide 
from a-labeled glycerol could be calculated to have a carbon specific 
activity of ((100 « 12) + (75 & 20))/32 = 84.4 per cent of that of the 
substrate glycerol carbon, ‘The analogous figure in the case of B-labeled 
glycerol would be 131.2 per cent. 

(2) The fraction of the activity of the whole rhamnolipide contained in 
the sugar moieties would, when a-labeled glycerol was used, be ((100 X 
12) & 100)/((100 & 12) + (75 & 20)) = 44.5 per cent. The 2 moles 
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of B-hydroxydecanoic acid would be expected to contain 55.5 per cent of 
the activity of rhamnolipide. 

In experiments with 6-labeled glycerol the sugar moieties of rhamnolipide 
would analogously carry 28.6 per cent, and the fatty acids 71.4 per cent of 
the activity of the whole rhamnolipide molecule. 

(3) Experiments with glycerol-a-C' would yield rhamnose with 25 
per cent of its specific activity in each of carbon atoms 1, 3, 4, and 6. In 
the case of experiments with glycerol-6-C™, 50 per cent of the activity of 
the rhamnose might be expected in each of carbon atoms 2 and 5. In the 
s-hydroxydecanoic acid tracer might be found in carbon atoms 2, 4, 6, 8, 
and 10 to an equal extent after growth on glycerol-a-C™. Similarly, carbon 
atoms 1, 3, 5, 7, and 9 would be labeled equally in experiments with glyc- 
erol-8-C!*. This follows from the fact that the labeled 2-carbon units 
formed from glycerol-a-C' would be methyl-labeled, while those from glyc- 
erol-8-C'* would be carboxyl-labeled. The terminal 2-carbon fragment 
would, in either case, contain 20 per cent of the activity of the whole 
fatty acid. 

The figures in columns labeled “Hypothetical” in Tables I to IV are 
derived as described above, and, as may be seen, the agreement between 
these figures and those found is good. 


Relationship of Rhamnolipide Carbon to Substrate Glycerol Carbon 


On Bacto-peptone media about 75 per cent of rhamnolipide carbon 
appeared to have come from glycerol when glycerol-a-C™ was the substrate, 
while about 55 per cent was contributed by glycerol in the experiments with 
the B-C'* compound (Table I). These calculations are based on the sum 
of the activities of two rhamnose and of two fatty acid fragments. In 
early experiments rhamnolipide was contaminated by small amounts of 
bacterial protein, much more active than rhamnolipide, since it had not 
been diluted by carrier. This contaminant was not present in the isolated 
rhamnose and fatty acid, nor in rhamnolipide derived from synthetic 
media. 

In experiments with either glycerol-a-C™ or -8-C™ on synthetic media 
about 90 per cent of rhamnolipide appeared to have been derived from 
glycerol. The 10 per cent short fall is believed to have been due to experi- 
mental errors. Recovery of rhamnolipide activity in its component 
moieties was good (99 + 2 per cent). 


Comparison of Specific Activities of Rhamnose and B-Hydroxydecanoic 
Acid with That of Rhamnolipide 


Examination of the isolated sugar and lipide moieties revealed that they 
contained 46.2 and 53.8 per cent of the rhamnolipide activity, respectively, 
in experiments with glycerol-a-C™ on Bacto-peptone media and 45.5 and 
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54.9 per cent, respectively, in similar experiments on synthetic medi 
(Table IT). When glycerol-8-C™ was used, the average percentages were 
32.5 and 67.5 for Bacto-peptone and 31.1 and 65.8 for synthetic media, 
Thus there was no essential difference in the disposition of radioactivity 


TABLE I 
Conversion of Glycerol Carbon to Rhamnolipide Carbon 


Rhamnolipide carbon 
Per cent from glycerol 
Found (a) Hypothetical (5) carbon, my xX 100 
c.p.m. per mmole c.p.m. per mmole 

6,450 + 390 8,440 76.5 + 4.7 
7,170 + 400 13,120 54.6 + 3.1 
7,420 + 190 8,440 88.0 + 2.2 


The mean values are given, with the average deviation from the mean. The spe- 
cific activity of substrate glycerol carbon was normalized to 10,000 c.p.m. per mmole. 
* For explanation of the symbols see footnote 1. 


TABLE II 
Distribution of Radioactivity between Sugar and Lipide Moieties of Rhamnolipide 
a*t Sy-Ac® 
Found HYPO" | Found Found$ 
‘thetical thetical 
Sugar moiety§............. 44.5 | 45.8 + 1.6 28.6 | 31.841.9| 03403 
55.5 | 64.5 + 1.4 71.4 | 66.6 + 1.9 | 99.14 1.5 


The values are given as percentages of radioactivity in the rhamnolipide mole- 
cule, with the average deviation from the mean. 

* For explanation of the symbols see footnote 1. 

t The results obtained on Bacto-peptone and synthetic media were combined. 

t No hypothetical figures could be derived for these experiments. 

§ The sugar moiety consists of 2 moles of rhamnose; the lipide moiety of 2 moles 
of B-hydroxydecanoic acid. 


in the moieties of the rhamnolipide molecule whether it had been formed on 
Bacto-peptone or synthetic medium. Depending, however, on the position 
of the label in the substrate glycerol, marked differences in the disposition 
of rhamnolipide activity in its components were found. 


Patterns of Isotope Distribution in Rhamnose 


Degradation of the isolated rhamnose samples by a combination d 
some or all of the degradation methods described above yielded the results 
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summarized in Table III. Despite occasional difficulties experienced in 
obtaining acceptable replication of results because of low activity, the 
data are considered to be accurate within 10 per cent. No radioactivity 
or very small amounts of radioactivity were found in rhamnose carbon 5 
in experiments with glycerol-a-C" and in rhamnose carbons 1, 3+4, 4, and 
§in experiments with glycerol-8-C*. 

In the Bacto-peptone experiments only the periodate cleavage of rham- 
nose phenylosazone and the iodoform reaction on acetaldehyde were 
carried out to obtain the general distribution of radioactivity within the 
molecule. In these experiments it appears that there may be a signifi- 


TaBLeE III 
Location of C'* in Rhamnose Fragments 
Glycerol-a-C™ Glycerol-g-C™ 
Rhamnose carbons 
Hypothetical Ba-a* Sy-a* Hypothetical Ba-g* Sy-p* 

C-1 25 244 0 4+1 
C-14+2 25 29 + 2 50 51 + 2 
C-14+2+3 50 56 + 1 50 + 1 50 57 +1 50 + 1 
C-3+4 50 52 + 3 0 8+ 2 
C-4 25 244+41 0 4+ 3 2+ 1 
C-5+6 25 25 + 1 50 

C-5 | 0 OT 50 43T 482 1 
C-6 25 21f 21+ 1 0 OT 0 


The values are given as percentages of radioactivity in the rhamnose molecule, 
with the average deviation from the mean. 

* For explanation of the symbols see footnote 1. 

t Single experiment only. 


cantly greater amount of activity in the top half of the molecule than in 
the bottom half. 

When glycerol constituted the sole carbon source, i.e. in synthetic media, 
it became profitable to carry the degradation of the rhamnose molecule 
sufficiently far to permit the calculation of the relationship of each indi- 
vidual carbon atom to the entire molecule (Table IV). 

The following points might be made with respect to the data in Table 
IV: (1) The values for C-1, C-4, and C-6 were individually determined in 
all cases. (2) In the experiments designated Sy-a, the figure given for C-5 
was obtained by subtraction of the value for C-6 from that for C-5+6; in 
the experiments designated Sy-8, the results for both C-5 and C-6 were 
individually obtained. (3) The difference between the values for C-1+2 
and C-1 was taken as that for C-2. (4) The value for C-3 was calculated 
both as the difference between the values for C-3+4 and C-4 and as the 
difference between those for C-1+2+3 and C-1+2. ‘The result given is 
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the average of all calculations. Despite small variations from one exper. 
ment to the next it is clear that the a-carbons of glycerol primarily furnished Si 
carbons 1, 3, 4, and 6 of rhamnose, while 8-carbons were responsible for } fatt: 
carbons 2 and 5. port 
This pattern of labeling of rhamnose points clearly toward the suggested | whe 
combination of two 3-carbon units directly derived from the glycerol  acet 
carbon skeleton. Virtually no randomization of the label has occurred in | the 
the synthesis of rhamnose by P. aeruginosa. By analogy with the origin | mal 
of glucose carbon an aldol condensation of L-lactaldehyde and dihydroxy. per 
TaBLe IV 
Disposition of Radioactivity in Individual Carbon Atoms of Rhamnose a 
——. I 
Sy-a* Sy-p* 
Rhamnose carbon No. —— 
Hypothetical Found Hypothetical Found 
25 25 + 4 0 4+1 
HCOH 0 4+ 2 50 47 +1 
25 25 + 4 0 4+ 2 
25 24+ 1 0 2+ 1 Rat 
_ 0 441 50 48 +1 = 
25 21+ 1 0 0 
Carbons 1-6..... 100 103 + 2 100 105 + 1 
The values are given as percentages of radioactivity in the rhamnose molecule, I 
with the average deviation from the mean. por 
* For explanation of the symbols see footnote 1. wit 
acetone phosphate might be postulated. Hough and Jones (30) found | “” 
that the condensation of these two compounds in the presence of pea = 
aldolase in vitro yielded 6-deoxy-L-sorbose-1-phosphate and 6-deoxy-p-frue- | ° | 
tose-1-phosphate. Both these sugars have the p-threo configuration at |" 
carbons 3 and 4 (7.e. carbon 3 is L and carbon 4 is p), whereas L-rhamnose a 
has the L-threo configuration. 
However, this does not preclude the existence of an enzyme in P. aeru | 
ginosa which could effect the condensation of fragments similar to those “ 
above to yield t-rhamnulose-1-phosphate which, after dephosphorylation, ee 
could isomerize to the aldose form. 1.-Rhamnulose and its 1-phosphate} ~° 
ester have recently been found to be implicated in the metabolism o ps 
L-rhamnose by Escherichia coli (31) and by a mutant of Pasteurella pests a 
(32). 
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Incorporation of Radioactive Acetate Carbon into Rhamnolipide 


Since acetate is an excellent source of the 2-carbon units needed for 
fatty acid synthesis in other systems, it was of interest to study its incor- 
poration into the lipide moiety of rhamnolipide as well as to determine 
whether rhamnose carbon can be furnished by acetate. The sodium 
acetate-1-C™ used has a specific activity of 133,700 c.p.m. per mmole and 
the specific activity of the total carbon in the medium containing an opti- 
mal mixture of glycerol and sodium acetate (see above) was 6080 c.p.m. 
pr mmole. Rhamnolipide with a specific activity of 226,900 c.p.m. per 
mmole was formed, but it is clear that no acetate carbon enters the sugar 
moiety of rhamnolipide and that all of the activity that is incorporated can 
be recovered in the 2 fatty acid molecules (Table II). 


TABLE V 


Fraction of Radioactivity of B-Hydrorydecanoic Acid Found in Terminal 
2-Carbon Unit (Carbons 1 and 2) 


a*t B*t Sy-Ac* 
17.3 + 1.1 23.0 + 0.5 23.2 + 0.8 
Hypothetical (b)......... 20.0 20.0 20.0 
Ratio, 87 +4 15 +2 116 +4 


The values are given as percentages, with the average deviation from the mean. 
* For explanation of the symbols see footnote 1. 
t The results obtained on Bacto-peptone and synthetic media were combined. 


Isotope Distribution Patterns of B-Hydroxydecanoic Acid ) 


In order to establish whether the fatty acids which form the lipide 
portion of rhamnolipide are synthesized by P. aeruginosa in accordance 
with classical pathways, a partial stepwise degradation of the carbon chain 
would be desirable. In the present work, the activity of the 2 terminal 
carbon atoms only was measured. ‘This was felt to be a sufficient indication 
of the probable distribution of radioactivity in the fatty acid, especially 
in view of the data on the incorporation of glycerol carbon into the lipide 
moiety (Table II). The preferential incorporation of the 8-carbon of 
glycerol into rhamnolipide over the a-carbon (Table II) pointed toward the 
role of 2-carbon units. 

According to Bergstrém ef al. (24) oxidation of 6-hydroxydecanoic acid 
with CrO; in acetic acid will convert C-1 and C-2 of the fatty acid directly 
to COs. COs was easily obtained, but it is evident that fatty acids from 
experiments with glycerol-a-C™ gave values 10 to 20 per cent lower than 
anticipated, while those from glycerol-8-C™ experiments are higher to a 
similar degree (Table V). The most plausible explanation of these findings 
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is that C-1 and C-2 yield CO, to an unequal extent, the conversion of 
C-2 to CO, being only 70 to 80 per cent as efficient as that of C-1. While 
what evidence is available strongly suggests that such is the case, the 
possibility is not precluded that relatively small amounts of activity may 
be present in the carboxyl or the a-carbon of the fatty acid in experiments 
with glycerol-a-C" or -8-C", respectively. Chromic acid oxidation of the 
fatty acids from experiments designated Sy-Ac (in which labeled acetate 
and unlabeled glycerol were used) yielded results which exhibit the same 
phenomenon as those from experiments with glycerol-8-C™ (Table Y), 
They are higher than the hypothetical value by about the same amount, 
presumably, again, because of unequal oxidation of C-1 and C-2 of the 
fatty acid to 

If one assumes that each glycerol and each acetate molecule in the 
medium could furnish one activated 2-carbon unit and that these units 
are incorporated into the fatty acids in the same ratio in which the sub- 
strates are present in the medium (6.64:1; see above), the contribution of 
acetate carbon to the fatty acid can be calculated to amount to 13.1 per 
cent. Since the specific activity of the acetate-1-C' was 66,800 c.p.m. 
per mmole of carbon and that of the 6-hydroxydecanoic acid formed was 
11,240 + 260 c.p.m. per mmole of carbon, acetate actually contributed 
16.8 + 0.4 per cent of the carbon of the fatty acid. Thus, while glycerol 
is successful in competing with acetate to supply 2-carbon units, it con- 
tributes 25 to 30 per cent less than its share. 

From the radioactivity content of the terminal 2-carbons of the fatty 
acid in experiments with glycerol-C™ and with acetate-C as well as from 
the fact that acetate is incorporated readily into the lipide moiety of 
rhamnolipide, it is tentatively concluded that the fatty acid is synthesized 
from 2-carbon units. However, the 6-hydroxydecanoic acid has_ been 
shown to possess the p(—) configuration (33), while 8-ketoacyl-coenzyme 
A reductase (8-hydroxyacyl-coenzyme A dehydrogenase) has been shown 
to implicate specifically the L(+) compound (34). It is interesting to 
note that the dehydrating enzyme (a,§-unsaturated acyl-coenzyme A 
hydrase), described in the literature (35), is also specific for the 1(+) 
series of 6-hydroxy fatty acids. The possibility exists that in the synthesis 
of the fatty acid of rhamnolipide the keto group of 8-ketodecanoic acid is 
hydrogenated subsequent to the loss of the activating coenzyme A group. 
By analogy with 8-hydroxybutyric acid (36), hydrogenation of the 8-keto 
group could thus yield the p(—) form of the B-hydroxy fatty acid. Alterna- 
tively, L(+)-8-hydroxydecanoyl-coenzyme A could be the primary hydroge- 
nation product of the keto compound and could then be converted to the 
p(—) compound by a racemase similar to that found by Stern, del Campillo, 
and Lehninger (37). 
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Failure of Cultures to Incorporate CO, into Rhamnolipide 


In view of the slight deficit in accounting for all the rhamnolipide carbon 
in synthetic media with glycerol as the sole carbon source (Table I), and in 
view of the CO, requirement by P. aeruginosa (38), the role of CO, assimi- 
lation in rhamnolipide synthesis was investigated. Bacteria were grown 
in the presence of C™“O2 under conditions favorable for rhamnolipide 
production. Although minimal quantities of rhamnolipide were made and 
large amounts of carrier had to be added for isolation, the results indicated 
that far less than 1 per cent of rhamnolipide carbon was derived from CO, 
(Table VI). 


TaBLeE VI 
Fization of Carbon Dioxide into Rhamnolipide and Bacteria 
Addition of at 
0 hr. 39 hrs.* 
Specific activity of 3 X 10° 3 X 10° 
Total rhamnolipide produced (mg. in 25 ml.). 0.88 0.48 
Maximal specific activity of rhamnolipide 
C (corrected for carrier).................. 1.6 X 10° 2.1 X 108 
1% incorporation level (specific activity of 
Specific activity of bacterial C.............. 8 X 105 1.7 X 105 
% bacterial C derived from C'Oz2........... 27 6 


The specific activities are given in counts per minute per millimole. 
* Attempt to favor incorporation specifically into rhamnolipide by liberating 
CO, at the end of the period preceding rhamnolipide formation (4). 


Incorporation of Activity into Bacteria 


Of the radioactivity remaining in the culture at the end of the incubation 
period, 3 to 5 per cent was found in the organisms. A comparison of 
bacterial and glycerol carbon in the experiments with synthetic media 
revealed that, when glycerol-a-C™ was used, the bacterial carbon had a 
specific activity 81 per cent of that of the substrate. The corresponding 
figure in experiments with glycerol-8-C' was 125 per cent (Table VII). 
Similar findings have been reported with tubercle bacilli (39) and can be 
explained by assuming that bacterial fatty acids, or other compounds, 
were biologically synthesized from 2-carbon fragments. 2 molecules of 
glycerol-a-C'* may give rise to two 2-carbon units, only one of which is 
labeled, whereas every 2-carbon unit formed from glycerol-8-C™ would be 
tagged (Fig. 3). The latter could increase the specific activity of bacterial 
carbon deriving from glycerol-8-C™ above 100 per cent if the bacterial 
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body were largely composed of substances derived from 2-carbon units, 
Atmospheric CO, was incorporated well into the bacterial cell (Table VII), 
In one experiment in which 17 per cent of the carbon available to the 
organism represented CO, in the atmosphere in contact with the medium, 
27 per cent of the bacterial carbon was supplied by CO». The difference 
between the two experiments designated Sy-CO, reflects the time at which 
the C“O, was made available to the metabolizing organism. 

P. aeruginosa also incorporates acetate carbon in preference to glycerol 
carbon into its structure. In the two experiments designated Sy-Ac the 
bacterial cell carbon had a specific activity of 10,370 c.p.m. per mmole, an 
average of 70 per cent greater than that of the total carbon of the medium, 
These findings support the figures obtained in the case of glycerol-a-C™ and 
-B-C™ mentioned above. They are also in accord with the data of Table V, 


TaBLe VII 
Relative Specific Activities of Bacterial and Glycerol Carbon 
Sy-a* Sy-p* 

Specific activity of bacterial C, c.p.m. 

Specific activity of glycerol C, c.p.m. per 

% bacterial C which appeared to have 

been derived from glycerol C......... 80.7 + 2.8 124.9+ 0.6 


The mean values are given, with the average deviation from the mean. 
* For explanation of the symbols see footnote 1. 


where the contribution of acetate and glycerol carbon to B-hydroxydecanoie 
acid is recorded. 


SUMMARY 


1. Glycerol carbon can furnish all of the carbon of the Pseudomonas 
aeruginosa rhamnolipide, whereas acetate carbon can supply only ¢- 
hydroxydecanoic acid carbon. 

2. The rhamnose moiety of rhamnolipide appears to be derived by con- 
densation of two 3-carbon units formed from glycerol without cleavage of 
its carbon-carbon bonds. 

3. The carbon skeleton of the fatty acid seems to be synthesized by 
classical pathways from 2-carbon units. 

4. COs, does not furnish rhamnolipide carbon. 

5. Glycerol, acetate, and CO, carbon is incorporated into the bacterial 
cell carbon, much of which apparently represents lipide, 


SER L BEB 


1. 
2. 
3. 
4. 
6. 
i. 
8. 
9. 
10. 
ll. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
| 
39. 


G. HAUSER AND M. L. KARNOVSKY 105 


its, BIBLIOGRAPHY 


TI), 1. Hauser, G., and Karnovsky, M. L., Federation Proc., 12, 215 (1953). 
. Hauser, G., and Karnovsky, M. L., Résumé des communications, 3¢ Congrés 
im, International de Biochimie, Brussels, 95 (1955). 
_ Jarvis, F. G., and Johnson, M. J., J. Am. Chem. Soc., 71, 4124 (1949). 
ich 4. Hauser, G., and Karnovsky, M. L., J. Bact., 68, 645 (1954). 
5. Pigman, W. W., and Goepp, R. M., Jr., Chemistry of the carbohydrates, New 
| York, 108 (1948). 
rol | 6. Fieser, L. F., and Fieser, M., Natural products related to phenanthrene, New 
the York, 3rd edition, 512, 580 (1949). 
an | *: Davies, D. A. L., Biochem. J., 59, 696 (1955). 
8. Westphal, O., and Liideritz, O., Angew. Chem., 66, 407 (1954). 
- 9. Jones, J. K. N., and Smith, F., Advances in Carbohydrate Chem., 4, 243 (1949). 
nd | 40, Lynen, F., Federation Proc., 12, 683 (1953). 
V, | 11. Gidez, L. I., and Karnovsky, M. L., J. Am. Chem. Soc., 74, 2413 (1952). 
12. Sakami, W., Evans, W. E., and Gurin, 8., J. Am. Chem. Soc., 69, 1110 (1947). 
13. Karnovsky, M. L., and Brumm, A. F., J. Biol. Chem. 216, 689 (1955). 
14. Yasuda, M., J. Biol. Chem., 94, 401 (1931-32). 
— } 15. Garard, I. D., and Sherman, H. C., J. Am. Chem. Soc., 40, 955 (1918). 
16. Topper, Y. J., and Hastings, A. B., J. Biol. Chem., 179, 1255 (1949). 
— | 17. Brin, M., and Olson, R. E., J. Biol. Chem., 199, 475 (1952). 
18. Sakami, W., J. Biol. Chem., 187, 369 (1950). 
19. Moore, S., and Link, K. P., J. Biol. Chem., 183, 293 (1940). 
. Bernstein, I. A., J. Biol. Chem.. 205, 309 (1953). 
Gibbs, M., and Gastel, R., Arch. Biochem. and Biophys., 43, 33 (1953). 
Mandl, I., and Neuberg, C., Arch. Biochem. and Biophys., 35, 326 (1952). 
Seegmiller, C. G., Axelrod, B., and McCready, R. M., J. Biol. Chem., 217, 765 
(1955). 
Bergstrém, S., Theorell, H., and Davide, H., Ark. Kemi, Mineral. o. Geol., 23 A, 
No. 13, 1 (1947). 
Van Slyke, D. D., Steele, R., and Plazin, J., J. Biol. Chem., 192, 769 (1951). 
Van Slyke, D. D., and Folch, J., J. Biol. Chem., 136, 509 (1940). 
Karnovsky, M. L., Foster, J. M., Gidez, L. I., Hagerman, V. D., Robinson, C. V., 
Solomon, A. K., and Villee, C. A., Anal. Chem., 27, 852 (1955). 
Robinson, C. V., Science, 112, 198 (1950). 
Gunsalus, I. C., Horecker, B. L., and Wood, W. A., Bact. Rev., 19, 79 (1955). 
Hough, L., and Jones, J. K. N., J. Chem. Soc., 4052 (1952). 
Wilson, D. M., and Ajl, 8., Biochim. et biophys. acta, 17, 289 (1955). 
Englesberg, E., Federation Proc., 15, 586 (1956). 
. Lemieux, R. U., and Giguere, J., Canad. J. Chem., 29, 678 (1951). 
. Wakil, S. J., Green, D. E., Mii, S., and Mahler, H. R., J. Biol. Chem., 207, 631 
(1954). 
. Wakil, S. J., and Mahler, H. R., J. Biol. Chem., 207, 125 (1954). 
. Lehninger, A. L., and Greville, G. D., J. Am. Chem. Soc., 76, 1515 (1953). 
. Stern, J. R., del Campillo, A., and Lehninger, A. L., J. Am. Chem. Soc., 77, 1073 
(1955). 
Gladstone, G. P., Fildes, P., and Richardson, G. M., Brit. J. Exp. Path., 16, 
al 335 (1935). 
. Karnovsky, M. L., Stahelin, H., Suter, E., Long, E. R., and Henderson, H. J., in 
Radioactive isotopes and nuclear radiations in medicine, New York, 509 (1956). 


2. 


w 


A 
(2+ 
by 1 
The 
stra 
plas 
whe 
prot 
fron 
8-1: 
ess | 
tion 
into 

or g 
orge 
In ¢ 
trol 
rate 
of t 
ject 
the 

Pub! 
val | 

tern 

nally 
teins 
Con: 
as R 
bum 


THE METABOLIC FATE OF INJECTED HOMOLOGOUS 
SERUM PROTEINS IN RABBITS* 


By HARRY WALTER, FELIX HAUROWITZ, SIDNEY FLEISCHER, 
ARTHUR LIETZE, HSIEH FU CHENG, JAMES E. TURNER, 
AND WALLACE FRIEDBERGf 


(From the Department of Chemistry, Indiana University, Bloomington, 
Indiana) 


(Received for publication, April 16, 1956) 


Although the sites of plasma protein synthesis (1) and their half lives 
(2-6) have been repeatedly investigated, little is known of the mechanism 
by which plasma proteins are utilized for the formation of tissue proteins. 
The conversion of plasma protein into tissue protein has been clearly demon- 
strated by experiments with plasmapheresis and later by the injection of 
plasma protein containing C"-lysine (7). It is not yet clear, however, 
whether this reaction involves a complete breakdown of the injected plasma 
protein to the amino acid stage or the transfer of large peptide fragments 
from the injected plasma protein molecules to tissue protein molecules (6, 
8-12). It was the purpose of our work to gain more insight into this proc- 
ess by quantitative determinations of the rate and the extent of incorpora- 
tion of radioactive residues from the injected homologous plasma protein 
into proteins of various tissues. 

In our experiments, rabbits were injected with rabbit serum albumin 
or globulin containing S**-amino acids, RbSA(S**)! or RbSG(S*), and the 
organ and subcellular distribution of protein-bound S** was investigated. 
In order to study the relative utilization of various protein precursors, con- 
trol animals were injected with S**-amino acids or S** peptides, and the 
rate of incorporation of S** into the tissue proteins was compared with that 
of the injected (S**) plasma proteins. In some of the experiments we in- 
jected RbSA(S*5)I4!,! 7.e. RbSA(S**) labeled by traces of I'*!, and compared 
the organ and subcellular distribution of the two protein-bound isotopes. 


*Support of this work by the National Science Foundation, the United States 
Public Health Service, and by contracts of Indiana University with the Office of Na- 
val Research and the Atomic Energy Commission is gratefully acknowledged. 

t Postdoctorate Fellow of the National Cancer Institute, 1953-54. 

‘In order to differentiate proteins containing S*-amino acids from proteins ex- 
ternally labeled by diazotized S**-sulfanilic acid, S*-mustard gas, or other ‘‘exter- 
nally” attached groups, we designate the internally (biosynthetically) labeled pro- 
teins as (S*)-proteins, indicating by the parentheses that they are internally labeled. 
Consequently, internally labeled rabbit serum albumin and globulin are designated 
as RbSA(S*5) and RbSG(S*), respectively, and the doubly labeled rabbit serum al- 
bumin as RbSA(S*5)I'31._ The other abbreviation used is TCA, trichloroacetic acid. 


107 


; 


108 METABOLIC FATE OF SERUM PROTEINS 


We succeeded thereby in gaining more information on the extent of break. 
down of the injected plasma protein in various organs. 


Methods 


Labeled Proteins—Yeast was raised on S**-sulfate, and the purified yeas 
protein was hydrolyzed (13). Chromatographic analysis of the hydrolysate 
with the method of Niklas (14) showed that approximately 14 per cent of 
the activity was due to cystine, 25 per cent to methionine, and 39 per cent 
to methionine sulfoxide, which was produced during hydrolysis. Denor 
rabbits were injected intraperitoneally with the neutralized yeast. protein 
hydrolysate; the amount of hydrolysate injected per kilo of body weight 
corresponded to protein prepared from 20 to 100 me. of S**-sulfate. 

The animals were exsanguinated 6 to 18 hours after injection. The 
serum was diluted with 0.9 per cent saline solution, and an equal volume 
of saturated ammonium sulfate was added to salt out the globulins. The 
albumins in the supernatant solution were separated from non-protein §* 
by dialysis; in some instances they were salted out by saturation with am- 
monium sulfate and subsequently dialyzed. All the globulin preparations 
were dissolved in water and precipitated four to six times with ammonium 
sulfate, and then dialyzed. The internally (biosynthetically) labeled globv- 
lins and albumins prepared by this method are designated as RbSG(S*) 
and RbSA(S**), respectively. Since some of the S*5, shortly after injec. 
tion, might be bound by dithio rather than by peptide bonds, samples of 
RbSA(S**) and RbSG(S*5) preparations, after dialysis against water, 
were dialyzed against an excess of non-radioactive cysteine at pH 8.5; be- 
tween 1 and 11 per cent of the total activity was found to be exchangeable 
by this treatment. Doubly labeled protein, RbSA(S**)I"*!, was obtained by 
treating RbSA(S**) with 1 per cent of its weight of iodine containing traces 
of I! (15). After addition of a small amount of thiosulfate, the iodin- 
ated product was dialyzed against distilled water. 

Since the S** activity of the yeast protein hydrolysate was too high for 
direct injection in the metabolic experiments (Table II), small amounts of 
this hydrolysate, corresponding to 1 to 2 mg. of yeast protein, were diluted 
with the hydrolysate of 0.2 gm. of rabbit serum protein, which was precipi- 
tated from rabbit serum by 50 per cent methanol, washed with ethanol 
and acetone, and dried. ‘Traces of S*5-sulfate were removed by addition 
of a small amount of sulfuric acid and subsequent precipitation with equiva- 
lent amounts of barium hydroxide. The clear filtrate was used as “S®* 
amino acid mixture” for intravenous injection into rabbits. 1 ml. of this 
mixture gave 1.7 X 10° c.p.m. 

(S*5) peptides were prepared by incubating 60 mg. of RbSA(S*) 
or RbSG(S**), dissolved in 30 ml. of dilute HCl (pH 1.5), with 1 mg. df 
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systalline pepsin at 38° for 48 hours and, after addition of another mg. of 
pepsin, for 60 hours. In order to separate high molecular from low molec- 
yar weight peptides, the peptide mixture was dialyzed for 8 days against 
repeatedly replaced small volumes (20 ml.) of water. The content of the 
lialysis bag was treated with TCA! to precipitate traces of proteins, TCA 
vas removed by dialysis, and the solution was then neutralized, lyophilized, 
and used as “high molecular weight (S*5) peptides.”” The “ow molecular 
weight (S*°) peptides” in the dialysate were concentrated by lyophilization; 
chromatography of a sample after addition of carrier cysteine and methi- 
mine revealed that approximately 13 per cent of the activity of the low 
molecular peptide preparation obtained from RbSA(S*5) and 2 per cent 
fom RbSG(S*5) were present in the amino acid spots. 

For determination of their radioactivity, the labeled (S**) serum proteins 
were diluted with normal serum, precipitated by making the solution 8 per 
ent with respect to TCA, and, after neutralization of the precipitate (see 
below), washed with acetone and alcohol. 30 mg. samples of the dried 
precipitates were counted in a gas flow counter, correction for self-ab- 
sorption being made when the weight of the sample differed by more than 


.10.2mg. from 30 mg. When a rabbit was injected with a (S*5) yeast protein 


hydrolysate prepared from 230 mc. (+20 per cent) of S**-sulfuric acid, ob- 
tained from the Oak Ridge National Laboratory, the activities of RbSA(S**) 
and RbSG(S**) were 9.6 and 10.0 X 10‘ c.p.m. per mg., respectively. Ac- 
cording to these figures the yield of radioactive plasma proteins is less than 
1 per cent of the S*5-sulfate used in growing the yeast. The radioactivity 
of the S*®-amino acids and (S**) peptides was determined by adding normal 
srum protein to their solutions and evaporating, in planchets, aliquots 
yielding 30 + 1 mg. of residue. These samples were then counted. Pro- 
teins treated in this manner gave 50 per cent more counts than protein 
powders. Therefore, the counts per minute obtained in these experiments 
were multiplied by an empirical factor of 0.67. The activity of the doubly 
labeled proteins was measured in the same manner as that of the (S*5) pro- 
teins. Their content of S** and I'*! was determined by repeating the meas- 
urement after a suitable interval and calculating the counts per minute 
contributed by each of the isotopes from the decay rate (16). 

Recipient rabbits were injected via the marginal ear vein or into the foot 
pad with 2 to 20 mg. of the labeled protein or protein hydrolysate per kilo 
of body weight. For subcutaneous injection into the foot pad, alum-pre- 
cipitated protein was used. The animals were bled by cutting the cervical 
vessels. The liver was perfused with 0.25 m sucrose solution, then homog- 
enized and fractionated by differential centrifugation according to the 
procedure of Schneider (17), which was slightly modified in this labora- 
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tory (18). Spleen, heart, kidneys, lungs, and, in some experiments, mus¢lg 
from the hind extremities were disintegrated in a Waring blendor; bone 
marrow was taken from the femur and ground up in water. The protein 
of the organs and liver fractions were then precipitated by TCA (19), 
Since trichloroacetates of some proteins, notably serum albumin, ar 
slightly soluble in acetone and ethanol, the TCA precipitates in some of 
the experiments were diluted with a small volume of water, adjusted t 
pH 4 to 5 by adding NaOH solution, and the soluble protein was repr. 
cipitated by the addition of an equal volume of methanol. After standing 
overnight, the protein precipitates were washed with acetone, ethanol, and 
acetone again, and then dried. Hair was taken from an area of the rabbit's 
back which had been shaved and washed prior to injection of the radioactive 
material. ‘This area was shaved every other day, and the hair obtained 
after 2, 4, 6, and 9 days was washed with acetone, water, Versene, water, 
acetone and ether, and treated with pepsin in 0.05 n HCl at 38°. The hair 
keratin was then dried, plated on a planchet, and counted. In some of the 
organs protein sulfur was determined gravimetrically (20). 

The radioactivity of the injected protein and of the organ proteins of 
each of the animals injected with S** material was recalculated for a definite 
day, with account being taken of the physical half life of S**. Relative 
specific activity (RSA) is the unit used in Fig. 1 and Tables I to V. Itis 
calculated from the counts per minute according to the following equation: 


c.p.m. in 100 mg. protein 


RSA = 
c.p.m. injected per gm. body weight 


In (S*)I'! preparations the ratio, (counts per minute contributed by 
S*5) /(counts per minute contributed by I'*'), increases continually on storage 
owing to the differences in physical decay; therefore this ratio cannot be 
used as a measure of the two isotopes. It is more convenient to use the 
ratio, (RSA of S*5)/(RSA of I'*'), which we designate as relative isotope 
ratio (RIR) and which is constant for each of the samples and independent 
of the time of storage. The relative isotope ratio does not depend on the 
physical but on only the biological decay of the two isotopes. Since the 
relative specific activity is proportional to the per cent of persisting isotope, 
the relative isotope ratio can also be expressed as 


per cent of persisting protein-bound S* 


RIR = 
per cent of persisting protein-bound [!*! 


Results 


Table I shows the relative specific activities of protein-bound S** and 
I'31 in the blood serum, organs, and subcellular fractions of the liver homoge 
nate of rabbits after single injections of RbSA(S*5)I)*". In evaluating the 
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ralues recorded in Table I and Tables II to V, it should be borne in mind 
that they refer to different animals and that allowance must be made for 
individual variations. 

TABLE I 
Relative Specific Activities and Relative Isotope Ratios of Protein-Bound 
S*5 and I'*! in Rabbit Organs after Injection of RbSA (S*5)]'31* 
Rabbit 376 Rabbit 378 Rabbit 381 Rabbit 375 
Killed after. ..... 3.75 days 8.75 days 15.75 days 6 days 
sx | pm | sas gas | | ss] sas | | sas gas mm 
me: 0.57 | 7.3 0.10 | 3.1 0.10 | 3.6 0.48 | 21.3 
RSA RSA |RIR} RSA | RSA /|RIR! RSA/| RSA RSA RSA /|RIR 

Blood serum | 6.5 | 5.4 1 | 2.6 | 2.4 1/1.3|0.74 | 2) 2.7¢ | 2.5f 1f 
Kidney 0.86, 0.24 | 4 | 0.73) 0.11 | 7 | 0.43) 0.064) 7 | 0.50 | 0.074 | 7 
Spleen 0.77; 0.18 | 4 | 0.47) 0.04 | 11 | 0.36) 0.029) 12 | 0.48 | 0.020 | 24 
Bone 

marrow 1.2 | 0.79 | 2 | 0.84) 0.31 | 3 | 0.42; 0.11 | 4 | 0.68f) 0.20f | 3 
Heart 

muscle 0.56; 0.20 | 3 | 0.58) 0.21 | 3 | 0.34) 0.054) 6 /| 0.41 | 0.085 | 5 
Lungs 0.84 0.29 | 3 | 0.66; 0.23 | 3 | 0.38! 0.088; 4 | 0.46 | 0.10 5 
Liver 0.68; 0.078} 9 | 0.53) 0.038 14 | 0.34) 0.02 | 17 | 0.36 | 0.037 | 10 

frac- 

tions§ 

N 0.67) 0.022 0.51) 0.02 0.32! 0.01 

M 0.73) 0.040 0.54) 0.040 0.47| 0.02 

P 0.59) 0.026 0.49) 0.02 0.26; 0.01 

0.79; 0.15 0.65) 0.05 0.41) 0.02 

*RSA = relative specific activity; RIR = relative isotope ratio. Rabbits 376, 
378, and 381 were intravenously injected with 9.5, 19, and 19 mg. of RbSA(S*5)I'!, 
respectively, and Rabbit 375 was subcutaneously injected with 9.5 mg. of the same 


protein. 

tSerum albumin fraction only; the analogous values for the globulins were 
0.51, 0.33, and 1.5. 

{ From femur of injected leg. 

§ Fraction N = 3 X 10 minutes at 600 X g; Fraction M 2 X 10 minutes at 
8500 X g; Fraction P = 2 X 60 minutes at 18,000 X g;S supernatant solution of 


In Fig. 1, the urinary elimination of S** in a rabbit injected with 
RbSG(S**) is shown. Small amounts of normal blood serum were added as 
carrier to aliquots of the urine collected daily, and the proteins were then 
precipitated by TCA. Over the whole period of 9 days only 1.1 per cent 
of the injected activity was recovered in the collected TCA precipitates, 
whereas 18 per cent of the injected activity was excreted as non-protein S*°, 
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The rapid decrease of non-protein S** immediately after the injection of 
S*5-amino acids is shown in Table IT and the persistence in the blood plasm, 
of intravenously injected RbSA and RbSG in Table III. The distributig, 
of protein-bound radioactivity after the injection of S** peptides and the 
negligibly small utilization of S*5-sulfate are shown in Table IV. 


Li 


% OF INJECTED 


4 6 8 DAYS 


Fig. 1. Protein-bound S* in the blood serum and total S** in the urine of Rab- 
bit 348 injected with RbSG(S*). The abscissa indicates per cent of injected activity 
in the total volume of blood serum, various times after the intravenous injection, and 
total per cent of injected activity excreted in the urine. 


DISCUSSION 


Protein-Bound Activity—Metabolic experiments with S*5-amino acids 
involve the danger of dithio bond formation between the —SH groups of 
free and protein-bound cysteine or cystine. Lee et al. (21) found that 
dithio bonds in rats were formed only during the first few hours after injec- 
tion of S*5-amino acids and that this reaction was reversible; in later phases 
of the experiments, dithio bonds were not detected. Since the principal 
results described. in the present work were obtained after periods of several 
days, the transient formation of dithio bonds immediately after injection 
should not affect them. 

Activity of S*®* and I'*! in Plasma Proteins—Comparison of the few short 
term experiments recorded in Tables IT and III reveals a large difference 
between the high serum level (RSA = 54) of protein-bound S* after the in- 
jection of RbSA(S*) and the low value (RSA = 1.9) after the injection of 
S*5-amino acids. This is quite analogous to results of Yuile et al. (22) mn 
dogs injected with protein containing C'-lysine, and demonstrates that 
the free and protein-bound S**-amino acids used in our experiments behave, 
essentially, in the same manner as free and protein-bound C"-lysine. Long 
term experiments recorded in Tables II and III show that the injected 
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homologous plasma proteins circulate in the blood plasma for long periods 
of time. 

The ratio S**: I'*! in the injected material is arbitrarily set equal to RIR = 
1.0; it remains close to this value in the plasma proteins of the injected 


TABLE II 


Relative Specific Activities of Organ Proteins after Injection of 
S*5-Amino Acid Miztures into Rabbits 


Rabbit 414 | Rabbit 400 | Rabbit 410 |Rabbit 399; Rabbit 398 | Rabbit 397 
(1810 gm.) (2085 gm.) | (1650 gm.) |(1415 gm.) | (1280 gm.) | (2275 gm.) 

5 5 5 10 10 10 
Injected c.p.m. X 1076....... 0.54 0.58 0.54 2.7 2.9 1.2 
10 min. 7.5 hrs. 24 hrs. 4 days 8.5 days 51 days 
Blood plasma 

Albumins 1.9 0.96 0.82 0.68 0.68 0.09 

Globulins 2.3 1.8 1.5 0.60 0.45 0.09 

NP-S*5* 0.76 0.019 0.022 | 0.008 0.002 0.006 
Kidney 1.3 2.5 2.2 1.2 1.2 0.096 
Spleen 0.82 1.7 1.6 1.0 0.66 0.12 
Bone marrow 0.75 0.95 0.98 0.70 0.46 0.080 
Heart muscle 0.30 0.84 0.76 0.59 0.65 0.082 
Lungs 1.9 2.3 1.7 0.61 0.54 0.055 
Liver 0.60 0.89 1.26 0.72 0.93 0.055 

“  fractionst 

N 0.66 1.2 0.89 0.060 

M 0.90 1.4 1.3 0.090 

P 1.04 1.2 0.91 0.061 

S 0.42 1.1 0.82 0.042 

* NP-S* = the relative specific activity (in bold-faced type) of non-protein frac- 
tion in counts per minute per ml. of blood serum divided by counts per minute in- 


jected per gm. of body weight. 
t See Table I. 


animals during the first few days after injection. A similar low S*5:[!! 
ratio is found in the plasma proteins of a rabbit injected subcutaneously 
with RbSA(S*5)I'! (Table I). Evidently, the passage of RbSA from the 
lymph into the blood plasma is not accompanied by any significant break- 
down of protein molecules, but involves merely equilibration by diffusion 


(2, 7, 23, 24). The maintenance of a constant S*5:I!*! ratio is in agreement 


with the view (8, 24, 25) that the intravascular proteins are not in an im- 
mediate dynamic equilibrium with the intracellular tissue proteins, and 
that they do not readily exchange their amino acids with those of the tissue 
proteins. 
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S*5 and I! Activity in Organ Proteins—The principal result of our exper. 
ments is that the radioactive sulfur of homologous (S*5)-serum albumin og 
(S**)-serum globulin is utilized in the organism for protein formation jp 
liver, lung, spleen, kidney, and bone marrow, at approximately the same 
rate as the sulfur of injected S**-amino acids or S** peptides (Tables I to IV). 
We do not find any significant difference between the utilization of dialyz. 
able or non-dialyzable peptides prepared either from RbSA(S**) or from 


TABLE III 


Relative Specific Activities of Rabbit Organ Proteins after Intravenous Injection 
of Rabbit Serum Albumin or Globulin Containing S**-Amino Acids 


Rabbit 394 | Rabbit 393 | Rabbit 395 | Rabbit 368 | Rabbit 373 Rabbit 362 

RbSA RbSA RbSA RbSA RbSG RbSG 
Injected, c.p.m. X 10™¢.... 17.3 17.6 22.8 20.0 27.1 23.2 
Blood serum 54 31 22 7.1 12 5.1 
Kidney a2 2.4 2.1 0.78 0.87 0.61 
Spleen 2.0 1.4 1.6 0.58 0.77 0.58 
Bone marrow 5.6 1.5 3.1 1.25 0.78 0.76 
Heart muscle 1.6 2.3 1.9 0.72 0.44 0.46 
Leg muscle 0.28 0.095 
Lungs 4.1 1.9 0.72 1.0 0.60 
Liver 2.3 1 1.4 0.55 0.81 0.68 
Liver fractions* 

N 2.0 1.2 1.2 0.84 

M 2.4 1.6 1.3 0.98 

P 2.0 1.3 1.3 0.89 

S 2.0 1.8 1.5 0.74 
Hairt 2.1 


The relative specific activity of the blood serum, which is caused by the presence 
of the injected radioactive protein, is shown in bold-faced type. 

* See Table I. 

t Washed, but not treated with pepsin. 


RbSG(S*5). All are utilized at approximately the same rates. The activi- 
ties of the proteins of most of the tissues are of the same order of magnitude. 
Muscle protein, in agreement with its lower rate of formation (26), has 
a lower activity. 

These results do not reveal whether the protein-bound radioactivity of 
the tissues is due to the deposition of the injected (S*5) plasma proteins or 
to the formation of new tissue proteins from breakdown products of the 


injected material. 


In order to get more information in this respect, we 
Keratin formation 


investigated the incorporation of S** into hair keratin. 
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isan irreversible process free from interference by catabolic reactions. Ta- 
bles III and IV show that the relative specific activity of the newly formed 
keratin isveryhigh. If, however, the values recorded in Tables III and IV 
for keratin, serum albumin, and liver protein are divided by the sulfur con- 


TABLE IV 


Relative Specific Activities of Protein-Bound S** in Serum and Organs of 
Rabbits after Injection of S*5 Peptides and S*5-Sulfate 


Injected, c._p.m. X 1078..........00000000022.. 0.99 0.53 2.16 2.63 270 
Serum protein 

At 8 hrs., albumin 0.78 0.89 1.8 1.0 

“ g “ globulin 0.25 0.49 0.80 0.53 

“ 9 days, albumin (1.4% 8S) 0.48 0.69 0.65 0.46 0.013 

“9 “ globulin (1.0% 8) 0.45 0.81 0.39 0.29 0.0076 
Organs (at 9 days) 

Kidney 0.57 0.62 0.91 0.51 0.013 

Spleen 0.27 0.31 0.46 0.24 0.012 

Bone marrow 0.15 0.11 0.29 0.13 0.0076 

Heart muscle 0.03 0.34 0.50 0.22 0.0082 

Leg muscle 0.19 0.21 0.45 0.17 0.0067 

Lungs 0.076 0.087 0.36 0.24 0.0080 

Liver (0.77% 0.37 0.76 0.24 0.011 

Skin (0.67% S) | 0.12 «0.18 0.24 0.18 0.0089 
Hair keratin (3.6% 8) | . 

2 days 1.2 0.36 2.2 0.0039 

..* 5.2 5.6 7.0 5.8 0.056 

ts 2.6 3.2 3.5 2.6 0.072 

| 1.5 1.9 1.5 0.046 


* Non-dialyzable peptides injected from RbSA (430) and RbSG (431). 
t Dialyzable peptides injected from RbSA (432) and RbSG (433). 
t Inorganic sulfate injected. 


tent of these proteins (in per cent), the relative specific activities for the 
protein-bound sulfur atoms are obtained as demonstrated in Table V. 

It is evident from these values that the specific activity of the sulfur 
atoms of keratin, after the injection of S** peptides, is of the same order as 
that of the sulfur atoms of liver or serum protein at the same time. In 
Rabbit 368, which was injected with RbSA(S*5), the high activity in the 
plasma proteins is caused by circulating RbSA(S**). In view of the com- 
position of keratin, it is hardly possible to assume transfer of large peptide 
residues from the injected RbSA to keratin. The similar specific activities 
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of the sulfur in plasma proteins, tissue proteins, and keratin are more rec. 
oncilable with the assumption that the common precursors of the newly | (3 
formed radioactive proteins are, most probably, S**-amino acids, although [| pr 
peptides of very low chain length cannot be excluded. We are led to the | de 
same conclusion by a comparison of the activities of protein-bound S*5 ang J in 
I'31 in the tissues. The ratio S*5:I'*!, which changes very little in the plasma § th 
proteins, increases continually in the tissue proteins (Table I). 

Earlier attempts to inhibit the formation of S** liver proteins in rats | of 
injected with heterologous (S**) proteins by the simultaneous injection | in 
of non-radioactive cystine and methionine failed (27). Similarly, other } III 
authors (10-12) were unable to prevent, by injections of non-radioactive | 2™ 
methionine, the appearance of S** in the tissue proteins of rabbits or rats | Th 


TABLE V tell 

Relative Specific Activities for Protein-Bound Sulfur Atoms Rb 

Rabbit 368 | Rabbit 430 | Rabbit 431 | Rabbit 432 | Rabbit 433 ” ' 

Activity of in 

| peptides injected* peptides injectedt 

Serum albumin.............. 5.1t 0.34 0.49 0.46 0.33 | tie: 
Liver protein................ 0.71 0.43 0.48 0.99 0.31 cor 
Hair keratin................ 0.59 0.42 0.47 0.53 0.42 by 
* High molecular weight from RbSA (430) and RbSG (431). to | 

t Low molecular weight from RbSA (432) and RbSG (433). a 0 

t Total serum protein. inje 

in t 


injected with homologous serum proteins containing S**-methionine. In 
agreement with these and other authors (6, 10-12, 28) we considered, there- 
fore, the possibility that plasma proteins are directly converted to tissue 1 
proteins without intermediary breakdown to the amino acid stage and that | and 
the increase in the S**:I"*! ratio might, in part, be caused by the loss of frag- | alb 
ments containing I!*! (27, 29). However, all/our results are also compatible | S** 
with the view that the injected plasma proteins are broken down to the | and 
amino acid stage, since it has been shown (30) that the intracellular amino | low 
acids are not in an immediate equilibrium with the free amino acids of the | sulf 
blood plasma. The unequal distribution of amino acids between extm- 2 
and intracellular compartments may be due to the combination of the intre- | alsc 
cellular amino acids with other cellular components (31, 32) or to ther | equ 
immediate utilization for protein synthesis. Our assumption of complete § | tc 
intracellular degradation of the plasma proteins to the amino acid stage § unc 
during their conversion to tissue proteins is supported by the rapid decrease § bele 
of protein-bound I*' in the tissues after injection of RbSA(S**)I'*!, Laws § sam 
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(33) has previously shown that the radioactive iodine of injected iodo- 
proteins is rapidly excreted in the urine as iodide and as organic iodine 
derivatives. While a small portion of the radioactive sulfur is also excreted 
in the urine as non-protein $** (Fig. 1), most of it seems to be utilized for 
the biosynthesis of new proteins in these experiments. 

If the radioactivity of the tissue proteins were caused by the presence 
of the unchanged injected plasma proteins, this activity would be highest 
in the soluble supernatant fraction of the liver homogenate. Tables I and 
III show, however, that the protein-bound S* is almost equally distributed 
among the nuclear, mitochondrial, microsomal, and supernatant fractions. 
This indicates either adsorption of the protein to the subcellular particles 
or incorporation of considerable amounts of S**-amino acids into the pro- 
teins of all subcellular fractions. In contrast to the S* activity of injected 
RbSA(S**) or RbSA(S*5)I'*!, the S*5 activity of the injected free amino acids 
is concentrated first in the microsomal] and later in the mitochondrial frac- 
tion (Table II). This is in agreement with analogous observations after 
the injection of C'4-amino acids (34-37). 

It is not possible at the present time to decide whether the small quanti- 
ties of protein-bound I*! found in the tissues are due to the presence of 
correspondingly small amounts of the injected doubly labeled protein which, 
by adsorption, complex formation, or other processes become insoluble, or 
to the incorporation of traces of I'*!-containing derivatives into the tissue 
proteins. ‘The former of these two processes is more probable since the 
injection of hydrolyzed I'*!-protein does not lead to the ee of [}*! 
in the tissue protein. 


SUMMARY 


1. The rate of incorporation of S** into the proteins of liver, lung, spleen, 
and other tissues after injection of (S**)-serum albumin or (S*5)I*!-serum 
albumin is approximately the same as after injection of S**-amino acids or 
S* peptides. The S* activities of the proteins of liver, lung, spleen, kidney, 
and bone marrow are of the same order, and those of muscle are considerably 
lower. The activity of sulfur of the hair keratin is similar to that of the 
sulfur of the tissue proteins. 

2. When homologous serum albumin containing S**-amino acids and 
also traces of I'*! is injected into rabbits intravenously or subcutaneously, 
equilibration by diffusion between blood plasma and lymph occurs within 
1 to 2 days. The S*:I'*! ratio in the plasma proteins remains essentially 
unchanged for several days after intravenous injection. The doubly la- 
beled protein is eliminated from the blood plasma at approximately the 
same slow rate as singly labeled (S**)-serum albumin. 
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3. The S*5:I'3! ratio in the tissue proteins increases rapidly shortly after 
injection; the highest S*5: I*! values are found in the liver and spleen. The 
radioactive sulfur is equally distributed among the proteins of the subcelly. 
lar fractions. 

4. Our results indicate that serum albumin is rapidly broken down after 
the ingestion by tissue cells. The breakdown products, which most proba- 
bly consist of amino acids, are then utilized for the formation of tissue pro- 
tein. The rate-determining step is the slow passage of the plasma proteins 
from extracellular body fluids into the tissue cells. 
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DETERMINATION OF THE EQUILIBRIUM OF THE 
HEXOKINASE REACTION AND THE FREE ENERGY 
OF HYDROLYSIS OF ADENOSINE TRIPHOSPHATE* . 


By E. A. ROBBINS{ anv P. D. BOYER} 


(From the Department of Agricultural Biochemistry, University of Minnesota, 
St. Paul, Minnesota) 


(Received for publication, June 7, 1956) 


The proper evaluation of the energetics of the reactions in which ATP! 
participates requires knowledge of the free energy of hydrolysis of ATP. 
Previous estimations (1-8) have depended upon the calculation of the free 
energies of formation of one or more of the components of the summation 
reactions used, except those of Levintow and Meister (7) and of Morales 
et al. (8) which are based on reasonable estimations of the free energy of 
hydrolysis of glutamine and asparagine. Values for the free energy of 
hydrolysis of ATP have varied from Meyerhof’s estimate of —12 kilo- 
calories (1) at pH 7.8 to the value of —7.0 kilocalories at pH 7.0 as cal- 
culated by Morales eé al. (8) from the data of Levintow and Meister (7). 

A relatively direct estimation of the free energy of hydrolysis of ATP 
is afforded by use of the coupled reactions 


(1) ATP + glucose @ G6P + ADP (AF;) 
(2) G6P + H.O = P; + glucose (AF 2) 
the summation of which gives 

(3) ATP + H.0 = ADP + P;, (4F3) 


An experimentally determined value of AF: has been previously reported 
(9); thus determination of the free energy, AF, of the hexokinase reaction 
(Equation 1) would allow the calculation of the free energy of hydrolysis 
of ATP (AF;). Information about the equilibrium of the hexokinase re- 


* Supported in part by a research grant (No. 1033) from the National Institutes 
of Health, Public Health Service, and by a grant from the Division of Biology and 
Medicine of the Atomic Energy Commission (Contract AT-11-1-341). Paper No. 
3540, Scientific Journal Series, Minnesota Agricultural Experiment Station. 

t Present address, Rohm and Haas Company, Philadelphia, Pennsylvania. 

t Present address, Department of Physiological Chemistry, University of Minne- 
sota, Minneapolis. 

' Abbreviations used in this paper are adenosine triphosphate, ATP; adenosine 
diphosphate, ADP; glucose-6-phosphate, G6P; fructose-6-phosphate, F6P; hexose- 
6-phosphate (mixture of G6P and F6P), H6P; inorganic orthophosphate, P;; per- 
chloric acid, PCA; ethylenediaminetetraacetic acid, EDTA. 
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action is also of value for assessment of expected concentrations of the 
reaction participants in living systems. 

The energetics of the hexokinase reaction are unfavorable for the deter. 
mination of its equilibrium constant at pH 7 and by ordinary chemical 
means. Most of the studies were thus conducted at pH 6 with use of 
radioisotopic techniques for measurement of the equilibrium concentration 
of glucose arising from G6P-C™ and ADP as initial reactants. With these 
reactants, formation of free glucose was readily demonstrated in harmony 
with other reports (10, 11), which appeared while these studies were in 
progress, showing reversibility of the hexokinase reaction. Methods were 
developed for the isolation and determination of the equilibrium glucose 
by isotopic dilution and ion exchange techniques. The effects of time, 
carrier composition, magnesium and potassium chloride concentration, 
G6P to nucleotide ratio, and pH on the equilibrium were investigated. 


EXPERIMENTAL 


Preparation and Assay of Reagents—Hexokinase was prepared and 
crystallized from Fraction 5 of Berger et al. (12). To Fraction 5 were 
added 1 m phosphate buffer, pH 7.0, 0.0215 m EDTA, pH 7.0, and satu- 
rated ammonium sulfate, pH 7.0, to final concentrations of 0.1 m, 0.0001 
M, and 0.9 saturation, respectively. The precipitated protein was redis- 
solved in 0.1 m phosphate buffer, pH 7.0, containing 0.002 m EDTA. The 
solution was brought to incipient turbidity with saturated ammonium 
sulfate, pH 7.0. On standing, crystals containing hexokinase appeared. 
After 2 weeks, the suspension was centrifuged and the residue was twice 
washed with 3 ml. portions of 0.1 m phosphate buffer, pH 7.0, containing 
0.8-0.9 saturated ammonium sulfate. The residue was redissolved in 0.1 
M phosphate, pH 7.0, again treated with the saturated ammonium sulfate 
to incipient turbidity, and allowed to crystallize. All steps in the crystal- 
lization procedure were conducted with cold solutions in a refrigerated 
room at 1-—4°. 

Hexokinase was assayed and units were expressed according to Berger 
et al. (12), except that 0.3 to 0.4 mg. of serum albumin was added per flask 
to stabilize the enzyme. The enzyme was stored at 3° in its precipitation 
medium. The recrystallized hexokinase was shown to be free of detectable 
adenosinetriphosphatase, adenylate kinase, phosphoglucomutase, Gé6P 
dehydrogenase, phosphofructokinase, aldolase, and phosphatases. Al- 
though the crystals appeared to be microscopically homogeneous, the 
preparation contained a highly active phosphoglucoisomerase. 

The preparations of uniformly labeled glucose-C“ (Research Specialties 
Company) were purified by ascending paper chromatography in n-pre 
panol-water (776:226, v/v). A preparation of glucose-1-C™ (National 
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Bureau of Standards) was used without further purification. The non- 
hexokinase-reactive materials in the glucose preparations were determined 
by reaction with excess ATP at pH 7. The results are presented in Table 
I. Under the conditions used, all but 0.003 per cent of pure glucose would 
be expected to be converted to H6P. The method thus makes a sensitive 
test for impurities and shows that considerable radioactive material other 
than D-glucose was present in some preparations. 

H6P-C"™ was prepared from the uniformly labeled glucose-C™ by use of 
crystalline hexokinase and ATP. The H6P-C" was precipitated as the 
barium salt, washed free of glucose, and converted to the sodium salt with 


TABLE I 
Measurement of Impurities in Glucose-C™“ Preparations 

The substances indicated were incubated for 30 minutes at 30° with 300 units of 
crystalline hexokinase, 100 umoles of ATP, 0.4 mg. of serum albumin, and 200 umoles 
of MgCl. in a total volume of 2 ml. at pH 7.0. The solution was deproteinized with 
0.8 ml. of 70 per cent PCA, and 7.5 mg. of fructose and 17.5 mg. of glucose were added 
as carrier. The hexose-6-phosphate and other ions were removed on ion exchange 
columns and the residual radioactivity of the solution was determined as described 
in the text. 


Observed radioactiv-} 
Glucose-C™ preparation No. Glucose used ity of — Per cent impurity* 
pmoles C.p.m. 
14, uniformly labeled........... 6.4 68 0.17 
15, 2.6 767 5.0 


* Calculated as the per cent of the total radioactivity of the glucose preparation 
not removed by the experimental procedure. 


sodium sulfate. All of the radioactivity in freshly prepared solutions of 
H6P-C" could be removed by ion exchange resins. After 10 weeks storage 
at —6°, about 1 per cent of the radioactivity was not removed by the 
resins. This apparent rate of decomposition is greater than would be 
anticipated for non-radioactive H6P. 

Because of the phosphoglucoisomerase activity of the hexokinase, both 
F6P and G6P were present in the H6P-C" preparation. Their combined 
concentrations were determined by measurement of total ester phosphate. 
Fortunately, yeast hexokinase will rapidly phosphorylate either glucose or 
fructose. Also F6P and G6P are known to have close to the same free en- 
ergy of hydrolysis (5, 9) and are acid-stable esters. Therefore, the pres- 
ence of phosphoglucoisomerase in the hexokinase did not interfere appre- 
cilably in the equilibrium determinations. 
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Unlabeled G6P was purchased as the crystalline barium salt (Sigma 
Chemical Company). Analysis for neutral sugars after removal of G6P 
on ion exchange resins was made by the phenol-sulfuric acid method (13), 
the results showed the equivalent of 0.2 per cent glucose in the G6P. 

ATP was the crystalline disodium salt (Sigma). The monosodium salt 
of ADP (Pabst) was treated with an excess of glucose and crystalline 
hexokinase to remove any contaminating ATP. Complete absence of 
ATP in the ADP preparation was an experimental requisite. The concen- 
trations of ATP and ADP were measured by the absorption at 260 my 
and by the P; liberated upon heating in 1 N HCl for 10 minutes in a boiling 
water bath. 

Separation of Glucose-C™' from H6P-C“—Preliminary experiments dem- 
onstrated that satisfactory separation of small amounts of glucose-C™ from 
relatively large excesses of H6P-C™ could be achieved with a mixture of 
equal parts of heated Dowex 50-(H), 200 to 400 mesh, and IRA-410-(OH). 
When necessary, the flow rate was reduced by the addition of powdered 
IRA-410-(OH). The separation was facilitated by the observation that 
heating of the resins for 6 hours at 90° markedly reduced their retention 
of glucose. 

Deproteinized filtrates containing added carrier glucose and fructose 
were passed through a resin column 1 cm. in diameter and 10 cm. high, 
followed by washing with about 12 ml. of water. To the combined filtrate 
and wash were added about 50 ywmoles of unlabeled H6P to dilute the 
remaining H6P-C", and the solution was passed through another column 
of the mixed resins, 1 cm. by 7 cm., followed by a wash of about 12 ml. of 
water. The completeness of separation attainable is illustrated by an 
experiment in which the final filtrate from a preparation of H6P equivalent 
to 5.47 XK 10° c.p.m. upon evaporation to dryness gave only 1.5 + 12 
c.p.m. above background. 

Radioactivity Determinations—Aliquots containing about 1 mg. of hexose 
were transferred to planchets of 2.4 cm. diameter, dried uniformly, and 
counted in an internal, gas flow counter. The activity was calculated to 
the 1 mg. level by use of a predetermined glucose self-absorption curve. 
Replicate determinations usually agreed within +2 per cent. To allow 
calculation of the specific activity, the concentration of glucose plus fruc- 
tose in the solutions was determined by the dinitrosalicylic acid procedure 
(14); glucose and fructose give equal color in this method. 

Methods of Enzyme Inactivation—In the experiments to be reported, 4 
large amount of hexokinase was used to insure attainment of equilibrium. 
The method of reaction termination must completely and rapidly inact 
vate the enzyme without causing a shift in equilibrium or a measurable 
hydrolysis of H6P. Experiments showed that a final concentration of 10 
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per cent PCA did not result in any interfering hydrolysis of G6P. Inac- 
tivation of the hexokinase by heat (100°, 4 minutes) gave approximately 
the same measured equilibrium concentration of glucose as when PCA was 
used, after correction for the hydrolysis of H6P caused by the heating. 
This result and the obtaining of the anticipated shift in equilibrium with 
change in pH demonstrate that addition of PCA did not result in a serious 
shift in the equilibrium reactant concentrations before enzyme inactiva- 
tion. The use of PCA had the added advantage that most of the perchlo- 
rate ion could be removed as KC1Os before resin treatment. 

Equilibrium Measurements Starting with H6P-C and ADP—Appropriate 
concentrations (usually of the order of 0.005 m) of H6P-C™ and of ADP, 
together with magnesium chloride and approximately 1800 units of re- 
crystallized hexokinase per ml., were incubated at 30°. No added buffer 
ions were used in order to facilitate subsequent separation of the G6P 
from free glucose and to avoid possible interference by interaction of buffer 
components with reactants. The pH was determined by electrodes in- 
serted directly into the reaction mixture and the initial pH of the react- 
ants was adjusted to obtain the final pH as required. When desired, a 1 
or 2 ml. aliquot was transferred into sufficient cold PCA solution to give 
a final 10 per cent PCA concentration, and the mixture was cooled for 20 
minutes in an ice bath. Unless otherwise noted, 0.5 ml. of a carrier solu- 
tion containing 7.5 mg. of fructose and 17.5 mg. of glucose was added. 
After 20 additional minutes the protein was removed by centrifugation, 
the solution was neutralized to about pH 7 with 4 m KOH, then chilled 
for 20 more minutes, and the potassium perchlorate was removed by 
centrifugation. The hexose-C™“ was separated from the H6P-C" and the 
specific activity of the free hexose was determined as previously described. 
From this value and the previously determined specific activity of the 
H6P, the equilibrium concentrations of the various reactants were calcu- 
lated. The values for various experiments are summarized in Table II, 
where the primary purpose of the experiments is indicated in the footnote. 

That equilibrium between the hexose-C“ and H6P-C" was reached in 
the 20 minute incubation period commonly used is shown by the following 
observations: The amount of hexokinase used was sufficient to cause 
measurable net reaction (as measured by change in pH of the medium) 
to reach completion within 2 minutes, no further change in the concentra- 
tion of reactants occurred when the incubation time was doubled to 40 
minutes, separate tests showed that the hexokinase was fully active cata- 
lytically at the end of the incubation period, variation of pH or Mg con- 
centration at the end of 20 minute incubation periods caused shifts in 
reactant concentration of the expected direction and magnitude, and, as 
shown later, approximately the same equilibrium constant was obtained 
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by measurement starting either with ADP and H6P or with ATP and a 
glucose, although the latter measurements, for experimental reasons, are § ti 
less accurate. 


TABLE II 

Initial and Final Concentrations from Equilibria of Reverse Reaction F 

Initial molarity 10* Final total molarity 

Experiment No.* pH ( 

ADP Hop | Hexose= | ADP Mg (3 

1 (a) 4.46 7.42 0.316 7.10 4.15 2.14 6.07 (4 
(b) 4.46 7.42 0.312 7.10 4.11 2.14 6.07 
(c) 4.46 7.42 0.310 7.08 4.11 2.14 6.07 

2 (a) 7.86 7.14 0.406 6.74 7.46 3.95 6.00 (5 
(b) 7.55 6.84 0.432 6.41 7.12 7.56 6.03 
(c) 7.25 6.57 0.453 6.12 6.80 10.84 6.02 

(d) 6.99 6.34 0.455 5.89 6.54 14.00 6.03 (6 
(e) 6.37 5.79 0.417 5.38 5.96 90.3 6.04 
3 (a) 5.00 3.88 0.203 3.68 4.80 2.50 6.00 

(b) 4.88 3.78 0.234 3.55 4.65 4.85 6.01 (7 
(c) 4.40 3.41 0.261 3.15 4.15 85.5 6.00 

4 (a) 4.44 6.91 0.341 6.57 4.10 2.17 5.94 si 
(b) 4.44 6.91 0.348 6.57 4.09 2.17 5.94 

(c) 4.42 | 6.90 | 0.328 | 6.57 | 4.09 2.16 | 6.02 | > 
(d) 4.18 6.55 0.297 6.26 3.89 2.05 6.12 

5 (a) 3.57 7.35 0.398 6.96 2.74 80 6.01 (§ 
(b) 6.09 5.86 0.446 5.42 5.65 119 6.04 

(c) 7.62 4.44 0.379 4.05 7.24 177 6.03 5 
(d) 7.62 4.44 0.371 4.07 7.25 177 6.03 
6 (a) 7.08 8.38 0.207 8.17 6.88 155 7.00 

(b) 7.00 | 8.35 | 0.315 | 8.04 | 6.69 | 153 6.67 (9 
(c) 6.94 8.25 0.422 7.83 6.52 151 6.34 

(d) 6.84 8.14 0.584 7.56 6. 26 149 5.99 S 
(e) 6.70 8.10 0.710 7.29 6.00 146 5.70 


* Experiment 1, reproducibility of results and effect of carrier composition. (a), 
glucose 25 mg.; (b), glucose 17.4 mg. + fructose 7.4 mg.; (c), glucose 12.0 mg. + 
fructose 13.0 mg.; Experiments 2 and 3, effect of magnesium concentration. Ex- B 
periment 4, establishment of equilibrium and the effect of KCl. (a) and (b), after 
20 and 40 minutes incubation, respectively; (c), final molarity of KCl was 0.0072 m; (1 
(d) final molarity of KCl was 0.248 m. Experiment 5, effect of reactant ratio. The B 
last two values are replicates. Experiment 6, effect of pH. 


Values for the dissociation constants of the acid and magnesium nucleo 
tides (15) allowed estimation of the equilibrium concentrations of the 
various ionic species by using approximations from a series of simultane- 
ous equations. The complex formation of ATP‘ and of ADP-* with 
Mg? is considerably greater than that of HATP-*, HADP-?, or H6P", 


B 
(1 
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and thus the complex formation of the latter was neglected for the estima- 
tions made (16). 

Assuming that the components present are ATP~*, HATP-*, MgATP-?, 
ADP’, HADP~?, MgADP-', and Mgt*, their concentrations can be 
calculated from seven simultaneous equations. 


+ HATP-3 + MgATP-? = (ATP)z 
(2) ADP-? + HADP-? + MgADP- = (ADP)+r 
3) Mgt + MgADP- + MgATP-? = (Mg)s 
(MgATP~?) 
(Mg)(aTP-) 
(MgADP-) 
(Mg)(ADP-) 
(HY) (ATP-9) 
(HATP=) 
(H+) (ADP-*) 
(HADP-) 


since (ATP), (ADP)z, (Mg)r, Ki, Ke, Ks, and H+ are known. 
- Substitution of Equation 6 into Equation 1 gives 
(H+) (ATP-*) 


(8) (ATP): = (ATP) + + (MgATP-?) 


Substitution of Equation 4 into Equation 8 gives 


+ 
0) (ATP): = (ATP-) + + K,(Mg*+) (ATP-# 


Similar calculations with ADP yield 


+ 

’ 4 
Ex- | By substituting Equations 4 and 5 into Equation 3, one obtains 
fter 
ru; (Mg)r = (Mg**) + K2(Mg**)(ADP™*) + Ki(Mgt*) (ATP™*) 
The By factoring and dividing, one obtains 

(Mg)r 

(Me™) = KADP-) + KATP) 
the 
‘ih By substituting Equation 12 into Equations 9 and 10, one obtains 
rith (H*) (Mg)r 
(13) (ATP)e = (ATP) ¢ + 


{ 
« 
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and 


+ K2X 


(H*) (Mg)r 
K, 1+ K(ADP-) + K,(ATP~) 


(14) (ADP): = (ADP-*) (1 + 


Etuations 13 and 14 include a mutual term. However, further manipula. 
tion of the equations so that each would contain only one unknown leads 


TABLE III 
Concentration of Ionic Species of Nucleotides and Mg** at Equilibrium 
Molarity 105 Molarity 103 

| HATP+| MgaTP= | | ADP | HADP-? | MgADP~ MgHADP*| Mgr 
1 (a) | 4.86 | 12.5 14.4 0.39 | 1.02; 2.15 1.02 0.06 1.02 
(b) | 4.79 | 12.4 14.2 0.38 | 1.01 | 2.13 1.01 0.06 1.01 
(c) 4.76 | 12.3 14.1 0.38 | 1.01} 2.11 1.00 0.06 1.00 
2(a) | 4.82} 14.70 | 21.6 0.69 | 1.50) 3.75 2.25 0.16 1.50 
(b) | 3.00 | 8.50] 31.6 0.94 | 1.04) 2.44 3.70 0.24 3.55 
(c) 2.06 | 6.00 | 37.3 1.12 | 0.72 | 1.72 4.38 0.29 6.08 
(d) | 1.50 | 4.24 | 39.8 1.17 | 0.53 | 1.24 4.75 0.31 8.94 
(e) 40.5 1.17 5.60 0.36 83.9 
3 (a) | 2.68 8.13 9.45 0.30 | 1.03 | 2.56 1.22 0.09 1.19 
(b) | 1.97 | 5.84 | 15.50 0.48 | 0.77) 1.88 2.04 0.14 2.64 
(c) 25.20 0.08 3.88 0.27 81.8 
4 (a) | 4.39 | 15.30 | 14.20 0.52 | 0.82} 2.36 0.91 0.07 1.11 
(b) | 4.48 | 15.68 | 14.80 0.54 | 0.82} 2.36 0.91 0.07 1.11 
(c) 4.63 | 13.40 | 14.40 0.44 | 0.92; 2.20 0.97 0.06 1.05 
(d) | 4.85 | 11.10 | 13.70 0.32 | 1.01 1.92 1.05 0.05 0.95 
5 (a) 38 .60 1.19 2.56 0.18 76.4 
(b) 43 .35 1.25 5.31 0.34 | 113.0 
(c) 36.80 1.11 6 .67 0.47 | 169.4 
(d) 36.00 1.06 6.67 0.47 | 169.4 

6 (a) 20.6 0.06 6.83 0.05 | 148 

(b) 31.5 0.20 6.59 0.10 | 146 

(c) 41.6 0.60 6.32 0.20 | 144 

(d) 56.6 1.80 5.84 0.42 | 142 

(e) 66.8 4.20 5.25 0.74 | 139 


* Except in the case of considerable excess magnesium, these values are only ap- 
proximations and are not to be included in a balance computation. 


to cumbersome equations. Equations 13 and 14 can be solved by a series 
of approximations. Once the ATP~ and ADP- concentrations have been 
calculated, HATP~ and HADP~ can be readily estimated from Equations 
6 and 7, respectively. After the Mg++ concentration has been calculated 
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from Equation 12, the concentration of MgATP-? and MgADP- can be 
calculated from Equations 4 and 5, respectively. The balance Equations 
1, 2, and 3 serve as a check on the calculations. From the constants for 
MgHATP- and MgHADP dissociation, and the concentrations of free 


TABLE IV 
Equilibrium Values Obtained from Reverse Reaction 
Ki Knog Kug~, 
iment 
No. At experi- (Calculated for) At experi- (Calculated for, At experi- (Calculated for 
mental pH pH 6.0 mental pH pH 6.0 mental pH pH 6.0 
1 (a) 294 275 165 155 408 383 
(b) 299 279 163 152 406 380 
(c) 303 283 162 152 418 391 
2 (a) 304 304 173 173 446 446 
(b) 245 237 166 161 450 437 
(c) 203 199 159 156 408 400 
(d) 186 180 154 149 400 383 
(e) 184 168 178 161 
3 (a) 430 430 234 234 1830 1830 
(b) 300 297 200 199 514 509 
(c) 193 193 186 186 
4 (a) 230 245 123 131 310 331 
(b) 222 236 116 123 298 317 
(c) 249 230 135 132 336 329 
(d) 277 248 148 133 361 324 
5 (a) 123 120 118 116 
(b) 154 140 148 135 
(c) 205 190 196 183 
(d) 214 198 200 186 
6 (a) 1310 131 1310 131 
(b) 540 115 536 117 
(c) 286 130 282 129 | 
(d) 139 142 134 137 | 
(e) 88 175 81 161 | 


Mgtt+, HATP-’, HADP-, an estimation of the concentration of MgHATP- 
and MgHADP can be made. 

The estimated concentrations of the various ionic species for the experi- 
ments outlined in Table II are given in Table III. 

Equilibrium constants at the experimental pH were calculated based on 
the total concentration of reactants, K,, the concentration of MgATP-? 
and MgADP-'!, Ky, or the concentration of uncomplexed nucleotides, 
Ky-o. Equilibrium constants were also extrapolated to pH 6.0 on the 
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basis of the expected shift of the equilibrium with pH.? The respective 
values are summarized in Table IV. With omission of the value for 
Experiment 3 (a), the average of twelve values for Kyg—o at pH 6.0 is 
386 + 58.3 The corresponding AK for excess magnesium of 0.076 to 0.17 
M is 155 + 31, an average of eleven values. 

The value for Ky,—o is based on the concentrations of uncomplexed 
forms of nucleotides, as given in Table III, and on the total instead of 
the uncomplexed H6P. Total H6P was used because of the lack of an 
accurate value for the association constant of Mg++ with H6P, the cum- 
bersome nature of the equations if this correction was included, and the 


TABLE V 
Initial and Final Concentrations from Equilibria of Forward Reaction 
Initial molarity Final molarity 10? of total species 

Glucose | ATP | ADP | Hexoset | ATP | ADP | H6P | Mgt 
7 (a) 3.63 5.08 | 0 0.0330 1.50 | 3.58 | 3.58 | 117 6.03 
(b) 3.29 4.60 | 2.90 | 0.0640 1.39 | 6.11 | 3.21 | 105 6.00 
(c) 3.18 | 54.4 2.04 | 0.0055 | 51.2 | 5.04 | 3.18 | 102 6.38 
8 (a) 3.78 5.00 | O 0.0185 1.24 | 3.76 | 3.76 2.50 | 6.00 
(b) 3.67 4.85 | 0 0.0305 1.22 | 3.64 | 3.64 4.92 | 6.08 
(c) 3.28 4.25 | 0 0.0470 1.14 | 3.24 | 3.24 | 99.0 5.94 


* Experiment 7, (a), determination of the equilibrium from the forward reaction; 
(b), effect of addition of ADP to equilibrium reaction mixture of (a); (c), effect of 
addition of excess ATP to equilibrium reaction mixture of (b). Experiment 8, (a), 
(b), and (c), effect of increasing magnesium concentration. 

t Corrected for non-hexokinase-reactive radioactive impurities. 


approximate error introduced in the value of Kyg—o would be less than 
10 per cent. 

Equilibrium Measurements Starting with Glucose-C'* and ATP—These 
experiments were less extensive than those with the reverse reaction be- 
cause of experimental difficulties, particularly that any non-hexokinase- 


2 At excess magnesium, nearly all of the reactants form complexes and the produe- 
tion of hydrogen ion is stoichiometric. Then Aypne6.o = AKpn(H*t)/10-*. At zero or 


catalytic levels of magnesium near pH 6, close to 0.57 mole of hydrogen ion is pro- — 
duced per mole of reaction. Thus near pH 6.0, Kpus.0 = Kpn(0.57(H*))/10-*. The | 


value of 0.57 mole of H+ produced was calculated from the generalized equation of 
Alberty et al. (17), together with values given for the acid dissociation constants of 
HATP-? and HADP-? (15) and of glucose-6-OPO;H~ (18). 

’ The error is expressed as the standard deviation calculated from the formula 


s — #)2/N — 1. 
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reactive radioactive material in the glucose preparations could introduce 
rious error into the measurements and the requirement that the initial 
ATP concentration should be close to the initial glucose concentration. 
With excess glucose a low, inaccurately measured concentration of ATP 
would result; with excess ATP the presence of ADP in the ATP prepara- 


TaBLeE VI 
Concentration of Ionic Species of Nucleotides and Mg** at Equilibrium 
Molarity 104 Molarity X 10* 
ATP~+ | HATP-* MgATP-*| MgHATP-!*| ADP-* |HADP=| Mgt 
7 (a) 14.56 0.44 3.37 | 0.22 | 112 
(b) 13.47 0.43 5.71 | 0.40 97.5 
(c) 
8 (a) 1.72 | 5.18 | 5.50 0.17 0.81 | 2.03 | 0.88 | 0.06 1.08 
(b) 1.12 | 2.82 | 7.60 0.20 0.66 | 1.36 | 1.49 | 0.09 2.28 
(c) 11.0 0.40 3.00 | 0.24 95 


* For Experiment 8, these values are approximations and are not to be included 
in a balance computation. 


TABLE VII 
Equilibrium Values Obtained from Forward Reaction 
Kt Kuge, 
i for| A i- Iculated f i- |Cal 
7 (a) 260 243 251 233 
(b) 222 222 212 212 
8 (a) 618 618 325 325 828 828 
(b) 356 330 236 219 612 567 
(c) 172 197 188 215 


tion could introduce serious error. The results of trials with incubation 
conditions as used previously are summarized in Table V. The calculated 
amounts of various ionic species are given in Table VI and the equilibrium 
constants in Table VII. By neglecting the value in Experiment 8 (a), the 
value for Ky, =0 is 567; the value for K with excess Mgt* is 221 + 23. 
Equilibria at Higher pH and Free Energy of Hydrolysis of ATP—The 
equilibrium constant of the hexokinase reaction as measured by the reverse 
reaction was calculated for pH values 7 and 8 by means of equations which 
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consider the ionization of the components (15).4 The free energy of the 
hexokinase reaction was calculated from the relationship AF® = —RT |p 
K, which at 30° becomes AF® = — 1394 logio K. The values are presented 
in Table VIII. Combined with a free energy of hydrolysis of G6P of 
close to —3.1 kilocalories,® the free energy of hydrolysis of ATP at pH 


TaBLeE VIII 


Equilibrium Constants and Free Energy of Hexokinase Reaction 
at Given H* Concentrations* 


Zero Mg** Excesst Mg** 
pH 
Ky —AF Ky —AF 
hilocalories hilocalories 
6.0 386 3.6 155 
7.0 2,460 4.5 1,550 4.7 
8.0 23 , 500 5.9 15,500 6.2 


* See footnote 5. 
t Magnesium in a 0.079 to 0.170 m excess. 


7.0 and 30° is —7.6 and —7.8 kilocalories at excess and catalytic (zero) 
concentrations of magnesium, respectively. 


‘ By the use of their respective acid dissociation constants, the components of the 
reaction ATP + hexose = ADP + G6P can be expressed in terms of their total con- 
centrations at various pH values. Substitution of these terms in the equilibrium 
expression allows the calculation of Aygo at various pH values. 

5 The free energy values calculated from the total concentrations of reactants at 
equilibrium and at a given pH represent the figure for conversion of 1 mole of the 
various ionic species of reactants at the given H+ concentration to 1 mole of the 
various ionic species of products at the given H* concentration. For some purposes, 
the AF® for better defined standard states is desirable. At pH 8 and 30°, with cata- 
lytic amounts of Mg, the stoichiometry of the reaction is essentially as follows: 
ATP‘ + glucose — ADP-* + G6P-? + Ht, the corresponding Ke, is 2.35 X 10°, 
and the AF® is 5.05 kilocalories. 

¢ A small uncertainty remains in the value for the —AF of G6P hydrolysis. The 
value of 3.1 kilocalories for the —AF at pH 7 and 30° is calculated from the equi- 


librium value of 122 (H:0 = 55.5m) found by Meyerhof and Green (9) at pH 85 © 


and 38° with high glucose and unspecified Mg concentration by using the expression 
Kyu = Kyuss X ((1 + K2)/(H*))/((1 + K,i)/(H*)), where Kz is the acid dis- 
sociation constant for H2PQO,, 1.46 * 10-7 (19), and K, is the acid dissociation con- 
stant for glucose-6-OPO;H-, 9.4 X 10-7 (18). For the temperature correction the 
van’t Hoff expression was used, by taking the AH as equal to the AF. At pH 85, 
at which the stoichiometry of the hydrolysis reaction is essentially G6P-? + HOH= 
glucose + HPO,~?, the estimated K at 30° is 107 (H:O = 55.5 m), and the correspond- 
ing AF® = —2.65 kilocalories. This value, together with that for the hexokinase 
reaction (footnote 5), gives a value of AF® = 2.40 kilocalories for the stoichiometric 
reaction ATP~* + HOH = + HOPO;? + 
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Additional experimental details and other information are given else- 
where (16). 


DISCUSSION 


The results show that the techniques used give a reasonably close ap- 
proximation to the equilibrium of the hexokinase reaction. Replication 
of values was better within a given experimental series than among ex- 
perimental series made at different times. This probably reflects the com- 
paratively large error in the value of K resulting from small errors in some 
of the experimental measurements, particularly the pH of the reaction 
medium. The experimental value of K, at pH 6.0 of 386 + 58 corresponds 
to free energy for the hexokinase reaction of —3610 + 85 calories. Even 
if the experimental errors were such as to double the equilibrium constant 
at pH 7, the estimated free energy of hydrolysis of the ATP would be 
increased by only about 5 per cent. 

Mg++ has a much greater affinity for ATP~‘ than for ADP- and the 
affinity for the adenine nucleotides is considerably higher than that for 
other reaction components (15). On this basis increase in the magnesium 
concentration in the same range as the nucleotide concentration would be 
expected to shift the equilibrium in the direction of ATP formation. This 
effect was observed (Experiments 2, 3, and 8 in Tables II and V). Evalu- 
ation of the expected quantitative effect of Mg** on the equilibrium is 
difficult because the association of Mg** with components other than nu- 
cleotides may markedly affect the equilibrium when Mg? is present in 
excess. If it is assumed that the equilibrium is affected only by the combi- 
nation of Mg** with ATP~ and ADP-', theoretical values for the ratio of 
K, to Kygg—o0 May be computed. The resulting relationship is indicated in 
Fig. 1, together with experimental values from Experiment 2 (Table IV). 
If a combination of Mg** with H6P-? is considered, with an estimated 
equilibrium constant of 35, the theoretical equilibrium is progressively 
shifted towards H6P formation (Fig. 1). However, the experimental 
values of K; appeared to become constant as Mg*+* was increased. This 
independence may arise from the combination of MgATP-? with addi- 
tional Mgt+, or, less likely, from combination of Mgt+ with hexose in 
addition to the combination with ATP, ADP, and H6P. While the agree- 
ment between the experimental results and theoretical curves of Fig. 1 is 
fair, the data indicate that all factors influencing the effect of Mgt+ have 
not yet been adequately evaluated. 

The shift of the equilibrium of the reaction with change in pH was, 
within experimental error, in agreement with that predicted from the 
dissociation constants of the reactants. Any changes in the equilibrium 
with increase in the ionic strength resulting from KCl addition or from 
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variation in the H6P to nucleotide ratio were less than the experimenta] 
variation in the results. 

The values at pH 7 of —7.6 and —7.8 kilocalories for the free energy of 
hydrolysis of ATP in the presence of catalytic or excess quantities of Mg+ 
agree well with the value of Levintow and Meister (7) of —7.9 kilocalories 
obtained at high Mgt* concentration and are slightly higher than the 
value of —7.0 kilocalories calculated by Morales (8) from the data of 
Levintow and Meister. The results of experiments given herein, together 
with those of Levintow and Meister (7), would appear to give a much 
better evaluation of the free energy of hydrolysis of ATP than less direet 
previous estimates. 


LEGEND 
THEORETICAL (K3*0) A. 
o | THEORETICAL (K 5*35) 
— — EXPERIMENTAL 
< 0.8 
<I 0.4}+- 
6 8 40 65 90 
(Mg’), M x 10° 


Fic. 1. A comparison of theoretical and experimental effects of Mg** on the 
hexokinase equilibrium. The theoretical curves were evaluated from the expression 
Ki/Kug-o = ((1 + Ki(Mg**))(1 + Ka(Mg**)))/(1 + Ke(Mg**)) for K; = 0 and 
K; = 35, when Ki, Ko, and K; are the association constants for Mgt* with ADP*, 
and H6P~?, respectively (16). 


SUMMARY 


The equilibrium constant of the hexokinase reaction at 30° was deter- 
mined by use of isotopic dilution techniques for measurement of equilib- 
rium hexose concentrations. The most reliable measurements were made 
with adenosine diphosphate and hexose-C'4-6-phosphate as initial reactants 
at pH 6.0. The effects of pH, Mgt+ concentration, ionic strength, and 
hexose-6-phosphate to nucleotide ratio were evaluated. 

The values of K at pH 6.0 for zero (catalytic) Mg++ concentration and 
for 0.079 to 0.017 m excess Mgt* are 386 + 56 and 155 + 29, respectively. 
Estimation of K values and calculation of the free energies of the reaction 
at pH 7.0 give —4.5 and —4.7 kilocalories at pH 7.0 for zero and excess 
Mg?* concentration. Combination with the free energy of hydrolysis of 


hexose-6-phosphate of —3.1 kilocalories gives —7.6 and —7.8 kilocalories 
for the free energy of hydrolysis of ATP at zero and excess Mgt concen- 
trations, pH 7.0, and 30°. 
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Procedures are described for the quantitative removal of hexose-6-phos- 
phate from hexose by use of ion exchange resins, preparation of hexose- 
(4.6-phosphate, crystallization of hexokinase, and measurement of im- 
purities in glucose-C™ preparations. 


Addendum—Benzinger and Hems have recently measured the equilibrium of the 
gutaminase reaction (20). From this measurement and the results of Levintow 
and Meister (7), they obtained a value of —7.73 kilocalories for the free energy of 
hydrolysis of ATP at ph 7.0 and 37°. The close agreement between this value, ob- 
tained by entirely independent procedures, and that reported herein is gratifying. 


— 
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w-AMIDE AND w-AMINO ACID DERIVATIVES OF 
a-KETOGLUTARIC AND OXALACETIC ACIDS* 


By THEODORE T. OTANI} anp ALTON MEISTER 


(From the Laboratory of Biochemistry, National Cancer Institute, National Institutes 
of Health, Bethesda, Maryland, and the Department of Biochemistry, 
Tufts University School of Medicine, Boston, Massachusetts) 


(Received for publication, July 25, 1956) 


Recent studies in this laboratory indicate that a-ketoglutaramic and 
a-ketosuccinamic acids are intermediates in the enzymatic transamination- 
deamidation reactions of glutamine and asparagine, respectively (2, 3). 
The enzymatic synthesis of L-asparagine by transamination of a-ketosuc- 
cinamic acid with a number of L-a-amino acids has also been shown (4). 
The present report describes the preparation and study of several com- 
pounds related to a-ketoglutaramic and a-ketosuccinamic acids; these 
include the a-keto acid analogues of y-glutamy] and f-aspartyl peptides. 
Compounds of this type have been found to be capable of existing in two 
interconvertible forms, only one of which exhibits properties characteristic 
of a-keto acids. $-Oxalacetylglycine and 6-oxalacetylalanine, which exist 
predominantly in the reactive a-keto acid form, have been found to be 
active in enzymatic transamination to yield the corresponding £-asparty] 
peptides. Studies on the unreactive forms of a-ketoglutaramic acid and 
related compounds are also described. 


EX PERIMENTAL 


a-Ketodicarborylic Acid-w-Amino Acids and Related Compounds—The 
preparation of a-keto acids by enzymatic oxidative deamination of the 
corresponding a-amino compounds has proved useful for a number of 
a-keto acids (5). Application of this procedure obviously depends on the 
susceptibility of the appropriate a-amino acid derivative to oxidation by 
the enzyme. Thus, the preparation of amide-substituted derivatives of 
a-ketoglutaramic and a-ketosuccinamic acids became possible when it was 
observed that certain y-glutamyl and 6-aspartyl amino acids were active 
substrates for snake venom L-amino acid oxidase (Table 1). This study of 
the susceptibility of several B-aspartyl and y-glutamy] derivatives revealed 
that y-L-glutamyl-L-alanine, y-L-glutamylglycine, 

* This investigation was supported in part by a grant from the National Science 
Foundation. A preliminary account of this work has appeared (1). 


t Postdoctoral Fellow of the National Cancer Institute 1953-55; present address, 
Department of Chemistry, Florida State University, Tallahassee, Florida. 
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B-L-aspartylglycine, and were oxidized. It igs of 
interest, however, that y-L-glutamy]-L-leucine was not oxidized. 


c 


TABLE I 


Relative Rates of Enzymatic Oxidation of a-Amino Dicarborylic 
Acids and Their Derivatives* 


Compound Relative rate of oxidation 
dl-a-Aminomalonamic | 0 
L-Aspartic acid-8-ethyl | 106 
L-Glutamic acid-y-ethyl 159 
109 
y-L-Glutamyldimethylamide............................. 104 
y-L-Glutamylhydroxamic acid........................... 70 
30 
0 
pL-a-Amino-é-N-methyladipamie acid.................... 118 
a-L-Aminoadipic acid-6-ethyl ester....................... 111 


* The reaction mixtures contained 13 umoles of the substrate, 5 units of crystalline | 


beef liver catalase (Worthington Biochemical Corporation), 20 mg. of rattlesnake 
venom, in a final volume of 1.3 ml. of 0.2 M potassium phosphate buffer, pH 7.5. The 
reaction was carried out at 37°; the gas phase was air. The relative rates of oxida- 
tion are expressed in terms of the rate for L-glutamine, which is arbitrarily assigned 
a value of 100. The rate for L-glutamine was 9.20 wl. per minute. 

t These products also contained the analogous a isomers as indicated in the text. 
In these experiments the concentration of the w isomer was 0.01 M. 

t Based on ammonia formation. 


The y-glutamy] and #-aspartyl peptides were prepared via the corte- 
sponding N-carbobenzoxy-w-amino acid azides (6). Two of the products, 
y-L-glutamyl-L-alanine and 8-L-aspartyl-L-alanine, were found to contain 
appreciable quantities of the isomeric a-peptides. Our experience is thus 
similar to that of Sachs and Brand (7), who obtained mixtures of a- and 
y-glutamyl peptides by this procedure. With the exception of these two 
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products, the w-peptide preparations used in this study gave equimolar 
quantities of carbon dioxide when treated with ninhydrin according to the 
Van Slyke gasometric procedure (8), and they were homogeneous on 
paper chromatography. 

The general procedure for preparation of a-keto acids by enzymatic 
oxidation of the analogous a-amino acids was followed (5). Relatively 
large quantities of enzyme were used in order to complete the oxidation 
ina short period, thereby reducing losses due to spontaneous breakdown of 
the products; an excess of dialyzed crystalline beef liver catalase (Worthing- 
ton Biochemical Corporation) was added. 

Barium y-(a-Ketoglutaryl)glycinate-—The reaction mixture consisted of 
300 mg. of y-L-glutamylglycine, catalase (100 units), and 1.0 gm. of rattle- 
snake (Crotalus adamanteus) venom in a final volume of 20 ml. After 10 
hours, the reaction reached 78 per cent of theoretical completion, and the 
product was processed as described (5). The yield of the barium salt was 
509 mg. (60 per cent). Calculated? for C;H;Os.NBa-3H.0. C 24.2, H 2.3, 
N 4.0, Ba 39.6; found, C 24.1, H 2.5, N 3.9, Ba 39.9. 

Barium mg. of 
alanine were oxidized with 769 mg. of venom? in a volume of 50 ml. The 
reaction was 94 per cent complete after 4.5 hours. The yield was 213 
mg. (65 per cent). Calculated for CsH,Os.NBa-3H.0. C 26.6, H 2.8, N 
3.9, Ba 38.0; found, C 26.6, H 3.2, N 3.7, Ba 38.4. 

Barium y-(a-Ketoglutaryl)-L-alaninate—The oxidation was carried out 
with 3.0 gm. of L-glutamyl-L-alanine (64 per cent y isomer) and 4 gm. of 
venom’ in a volume of 57 ml. After 8 hours, oxidation of the y isomer 


_ was 83 per cent complete; the yield was 1.29 gm. (41 per cent, based-on the 


y isomer). Calculated for CsHyOsNBa-3H.O. C 26.6, H 2.8, N 3.9, 


Ba 38.0; found, C 26.6, H 2.8, N 3.9, Ba 38.0. 


Barium B-Oxalacetylglycinate—Oxidation of 374 mg. of 6-L-aspartylgly- 
cine was carried out with 1.38 gm. of venom? in a volume of 40 ml. The 
reaction proceeded to 85 per cent of completion after 6 hours; the yield was 
480 mg. (73 per cent). Calculated for CseH;OsNBa-4H.0. C 21.6, H 1.8, 
N 4.2, Ba 41.2; found, C 21.4, H 2.2, N 4.1, Ba 41.3. 

Barium B-Oxalacetyl-L-alaninate—1.2 gm. of L-aspartyl-L-alanine (50 
per cent 6 isomer) were oxidized with 1.9 gm. of venom’ in a volume of 50 


1In this paper y-(a-ketoglutaryl) glycine, -(a-keto- 
glutaryl)-s-alanine, B-oxalacetylglycine, and respectively, 
refer to N-(carboxymethyl)-2-oxoglutaramic acid, N-(1-carboxyethyl])-2-oxoglu- 
taramic acid, N-(2-carboxyethyl)-2-oxoglutaramic acid, N-(carboxymethy])-2- 
oxosuccinamic acid, and N-(1-carboxyethyl)-2-oxosuccinamic acid. 

*The microanalyses reported here were performed by Mr. Robert J. Koegel and 
by Dr. William C. Alford and their staffs. 

*100 units of catalase were added. 
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ml. After 7.5 hours, the reaction was terminated when 41 per cent of the 
susceptible peptide was oxidized. The yield was 300 mg. (29 per cent, 
based on the 6 isomer). Calculated for C7H;OsNBa-H20. C 23.6, H 2.5, 
N 3.9, Ba 38.6; found, C 23.6, H 2.6, N 3.7, Ba 38.6. 

The a-keto acid-w-amino acid derivatives were treated with ceric sulfate. 
sulfuric acid and with hydrogen peroxide at pH 4.9, under conditions simi- 
lar to those previously employed (5). As indicated in Table IT, all of the 
products were decarboxylated by ceric sulfate-sulfuric acid. On the other 
hand, the y-(a-ketoglutaryl)amino acids, like a-ketoglutaramic acid, did 
not yield carbon dioxide when treated with hydrogen peroxide, a finding 
consistent with the occurrence of these compounds in an unreactive form. 


TABLE II 
Decarboxylation of a-Ketodicarborylic Acid-w-Amino Acids 


Compound Per cont | Per cont, 
y-(a-Ketoglutaryl)glycine............. 103 0 
y-(a-Ketoglutaryl)-8-alanine......... 106 0 
y-(a-Ketoglutaryl)-L-alanine.......... 102 0 
B-Oxalacetylglycine................... 103 | 81 
B-Oxalacetyl-L-alanine................ 109 | 86 


* The reactions were carried out in Warburg vessels at 37°. The main compart- 
ment contained 5 umoles of keto acid in 0.5 ml. of 0.2 n HCI, and the side bulb con- 
tained 0.3 ml. of ceric sulfate (0.2 m in 2 N H2SO,). 

t The reactions were carried out in Warburg vessels at 37°. The main compart- 
ment contained 5 wmoles of keto acid in 0.5 ml. of 0.2 m sodium acetate buffer at pH 
4.9, and the side bulb contained 0.3 ml. of m hydrogen peroxide. 


The 6-oxalacetylamino acids were decarboxylated to a considerable extent 
by peroxide, suggesting that they were predominantly in the reactive open 
chain form. It is of interest that a-ketoglutaramic acid exhibits a much 
greater tendency to exist in the unreactive form than does a-ketosuccinamic 
acid (2); the analogous amino acid derivatives thus exhibit similar behavior. 
Ultraviolet absorption curves of these compounds in alkali are described in 
Fig. 1. a-Ketosuccinamic acid and its derivatives, the B-oxalacetyl-- 
amino acids, absorb strongly in the region of 290 muy, and a-ketoglutaramic 
acid and its derivatives, the a-keto-y-glutaryl-w-amino acids, show no 
significant peaks between 220 and 400 mu. The high characteristic absorp- 
tion of the B-oxalacety] derivatives in alkali may be ascribed to the enolic 
forms of these compounds (2). 

Peroxide oxidation of the reactive forms of a-ketoglutaramic and a-keto- 
succinamic acids would be expected to yield succinamic and malonamic 
acids, respectively, and treatment of y-(a-ketoglutary])alanine with hydro 
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sen peroxide should yield succinylalanine. A 5 mmole sample of 7-(a- 
ketoglutaryl)-L-alanine was mixed with 0.25 ml. of m hydrogen peroxide 
in 1.0 N sodium hydroxide, and, after standing for 5 minutes at room tem- 
perature, the solution was acidified with concentrated hydrochloric acid and 


LOG 


| | | | 

240 260 280 300 320 340 
WAVE LENGTH (MILLIMICRONS) 

Fig. 1. Ultraviolet absorption curves of several a-keto acid-w-amides in 0.1 N 
NaOH. The absorption curves were carried out with a Cary model No. 14 recording 
spectrophotometer. Curve 1, a-ketosuccinamic acid (6.20 K 10-5 m); Curve 2, 
8-oxalacetylglycine (6.21 10-5 m); Curve 3, 8-oxalacetyl-L-alanine (6.45 X 10-5 om); 
Curve 4, a-ketoglutaramic acid (3.24 10-3 m); Curve 5, y-(a-ketoglutaryl) glycine 
(3.19 X 10-3 m); Curve 6, y-(a-ketoglutaryl)-L-alanine (3.34 K 107-* m); Curve 7, 
y-(a-ketoglutaryl)-8-alanine (3.31 X 10-3m). The ordinate represents the logarithm 
of the molar extinction. 


placed at 100° for 1 hour. The cooled solution was chromatographed on 
Whatman No. 4 paper with four solvent systems. Alanine was demon- 
strated by ninhydrin treatment of the chromatograms, and succinic acid 
was located and identified by the method of Rydon and Smith (9), modified 


‘The following solvents were used: (a) liquefied phenol saturated with 10 per cent 
sodium citrate; (b) formic acid, 15 parts, tert-butanol, 70 parts, and water, 15 parts; 
(c) pyridine, 4 parts, methanol, 80 parts, water, 20 parts; (d) n-butanol, 200 parts, 
glacial acetic acid, 30 parts, and water, 75 parts. 
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as described (10). Similar studies with -oxalacetylglycine yielded 
spot identical in four solvents with that of glycine. Malonic acid could 
not be detected; however, an authentic sample of malonic acid was de- 
stroyed under these conditions. 

In addition to providing evidence for the structure of the a-keto acid-y- 
amides, the hydrogen peroxide procedure has been used for the preparation 
of the decarboxylation products. Thus, succinamic and malonamic acids 
were prepared by decarboxylation of the appropriate a-keto acid-w-amides, 


They were also prepared by enzymatic oxidation in the absence of catalase. | - 


Succinamic Acid—1.35 gm. of barium a-ketoglutaramate were dissolved 
in a mixture of 5 ml. of 0.2 m sodium hydroxide and 5 ml. of 30 per cent 
hydrogen peroxide. After standing at room temperature for 4 hours, the 
excess peroxide was destroyed by addition of crystalline beef liver catalase, 
and the solution was added to the top of a Dowex 50 column (50 X 2.5 cm.) 
in the acid form. The product was eluted with water. Succinamic acid 
was obtained by evaporation of the effluent in vacuo and crystallized from 
ethanol. The yield was 500 mg. or 67 per cent. Calculated for C,H;0,N. 
C 41.0, H 6.0, N 12.0; found, C 40.8, H 6.1, N 11.8. 

Sodium Malonamate—3.626 gm. of L-asparagine monohydrate were 
oxidatively deaminated with 1.2 gm. of C. adamanteus venom as described 
previously (5), except that catalase was omitted. The sodium salt of 
malonamic acid was isolated as described for sodium a-ketosuccinamate. 
The yield was 2.4 gm. or 80 per cent. Calculated for C;H,O;3NNa. C 
28.8, H 3.2, N 11.2, Na 18.4; found, C 28.7, H 3.6, N 11.0, Na 18.2. 

Enzymatic Oxidation of y-L-Glutamylhydrazide—Oxidative deamination 
of 1 gm. of y-L-glutamylhydrazide was carried out with 1 gm. of venom in 
the presence of excess catalase’ in a volume of 40 ml. The reaction was 93 
per cent complete after 8 hours, and the product was isolated as described 
(5) as the free acid. The yield was 510 mg. (58 per cent). The product 
did not form a 2,4-dinitrophenylhydrazone, nor was it decarboxylated by 
hydrogen peroxide. On treatment with ceric sulfate, there was only a very 
slow evolution of gas. The properties and elemental analyses were con- 
sistent with the formation of the internal hydrazone, pyridazinone-3- 
carboxylic acid. 
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Calculated for CsHeO3;N2 C 42.3, H 4.3, N 19.7; found, C 42.3, H 4.4, 
¥ 19.8. The melting point of this compound was observed to be 199°; a 
melting point of 198° was reported for pyridazinone-3-carboxylic acid 
prepared by an independent procedure (11). 

Enzymatic Transamination—It was found that B-oxalacetylglycine and 
3-oxalacetyl-L-alanine were capable of transamination in the glutamine 
transaminase-deamidase system (12, 13) to form -aspartylglycine and 
s-aspartylalanine, respectively (Table III). The latter compounds were 
identified by paper chromatography‘ and were quantitatively determined 
by densitometric measurements (14). There was no observable transami- 
nation when glutamine was replaced by glutamate with the purified glu- 


TABLE III 
Enzymatic Transamination Studies* 

pmoles pmoles umoles 

6-Oxalacetylglycine 4.7 4.9T 4.2 

6-Oxalacetyl-L-alanine 2.0 1.7} 1.9 

y-(a-Ketoglutaryl) glycine 0 0 0 

y-(a-Ketoglutaryl)-L-alanine 0 0 0 

a-Ketoisocaproic acid 6.1§ 


* The reaction mixtures contained initially 10 wzmoles of a-keto acid, 10 pmoles of 
L-glutamine, and 20 mg. of glutamine transaminase preparation (12) in a final vol- 
ume of 0.4 ml. of 0.04 m Veronal buffer of pH 7.9; incubated for 3 hours at 37°. Glu- 
tamine disappearance was determined as described (12). 

t B-Aspartylglycine. 

t 8-Aspartylalanine. 

§ The formation of leucine was observed by paper chromatography. 


tamine system or with a crude rat liver preparation. Neither the £- 
oxalacetylamino acids nor the B-aspartylamino acids were hydrolyzed by 
these enzyme preparations. In contrast to the 6-oxalacetyl derivatives, 
the y-(a-ketoglutaryl)amino acids were not active in transamination with 
glutamine or glutamic acid under these conditions. 

Studies on Unreactive Forms of a-Ketodicarboxylic Acid-w-Amides—Ex- 
periments involving the reaction of a series of a-keto acid-w-amides with 
2,4-dinitrophenylhydrazine, decarboxylation by hydrogen peroxide and 
by ceric sulfate, and susceptibility to lactic dehydrogenase and liver w- 
amidase, indicated that formation of an unreactive form (previously desig- 
nated form A (2)) is associated with a carbon chain length of 4 or 5 atoms 
and an w-amide group, in which at least 1 hydrogen atom is unsubstituted 
(3). It was suggested earlier that the unreactive forms might represent 
cyclic or polymeric modifications of the a-keto acids (2). It was also 


la 
uld 

de- 

-W- 
10n 

ids 

es, 

ed 

ent 

he 

uy 
n.) 

id 
om 

are 

of 
te. | 

in | 

od | 

ct | 


144 OXALACETYL- AND KETOGLUTARYLAMINO ACIDS 


observed that both reactive and unreactive forms possess an acid group, 
presumably a carboxyl group, which has a pK value of 2.6. Evidence 
indicated that the two forms existed in equilibrium in solution and that 
alkali favored conversion of the unreactive to the reactive form. The 
chain length requirements suggest ring formation, and the necessity for a 
hydrogen atom on the w-amide group suggests that ring closure might in. 
volve this group. Furthermore, the reduced rate of reaction with carbony| 
reagents is consistent with a linkage involving the a-keto group. The 
possibility that enolization might be responsible for the anomalous behavior 
of these compounds was rendered improbable by enol titration carried out 
according to a modification of the Kurt Meyer procedure (15), which 
showed that a-ketoglutaramic acid, a-ketosuccinamic acid, and related 
compounds are not appreciably enolized except in alkaline solution (see 
Fig. 1, above). Cyclization by elimination of the elements of water be- 
tween the w-amide and carboxy] groups forming an imide appears unlikely 
in view of the presence of a strong titratable acid group. Cyclization of 
the open chain form of a-ketoglutaramic acid (I) by reaction between the 
a-keto and w-amide groups to yield a ketolactam (II) is conceivable for 
a-ketoglutaramic acid and derivatives. 


CH, CH: CH, 
OH 
H, 
NH COOH 1 COOH 
R 
(I) (II) 

CH, CH; 

O==C C 
N COOH 


(IIT) 


Such a formulation is analogous to one proposed for the anilide and amide 
of levulinic acid (16). Consistent with the belief that Structure II (where 
R = H) represents the structure of the unreactive form of a-ketoglutaramic 
acid is the observation that catalytic hydrogenation of a-ketoglutarami 
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acid gave pyrrolidonecarboxylic acid (Structure III). A 200 mg. sample 
of a-ketoglutaramic acid in 10 ml. of water and 400 mg. of platinum oxide 
eatalyst were placed in a Parr hydrogenation apparatus at 26° and 40 
pounds pressure for 48 hours. After hydrogenation and removal of the 
catalyst, the solution was evaporated in vacuo to dryness. Paper chro- 
matography of the residual solid material in four solvents indicated con- 
version of approximately 80 per cent of the a-ketoglutaramic acid to 
pyrrolidonecarboxylic acid; the spots were rendered visible by the modified 
Rydon and Smith procedure (9, 10). Pyrrolidonecarboxylic acid (110 mg.; 
m.p. 183°; mixed m.p. 183°) was obtained after recrystallization from 
ethanol and ether. 

A structure analogous to Structure II for the unreactive form of a-keto- 
succinamic acid appears unlikely inasmuch as it would be necessary to 
postulate a four-membered ring. The possibility that the unreactive form 
of a-ketosuccinamic acid might be a polymer led us to request the assistance 
of Dr. Gerson Kegeles, who carried out three determinations of molecular 
weight by a sedimentation procedure.> The unreactive form of a-ketosuc- 
cinamic acid was sedimented as a neutral undissociated molecule in 0.1 N 
hydrochloric acid according to the method of Klainer and Kegeles (17). 
Values of 252, 260, and 268 were obtained, representing good agreement 
with the theoretical molecular weight of 262 for a dimer.* A determina- 
tion of molecular weight carried out on a sample of the reactive form of 
a-ketosuccinamic acid, prepared by treatment of the unreactive form with 
sodium hydroxide followed by acidification with hydrochloric acid, gave a 
value of 130 (theoretical for the monomer = 131). This represents excel- 
lent evidence for the belief that the unreactive form of a-ketosuccinamic 
acid is a dimer, the structure of which is now under investigation. 

Infrared absorption studies of a-ketoglutaramic acid, a-ketosuccinamic 
acid, and related compounds have been carried out (1); these data are 
consistent with the proposed structures, but do not appear to permit 
definite conclusions to be drawn. 


DISCUSSION 


The present findings suggest that the unreactive form of a-ketoglutara- 
mic acid, and presumably also those of its N-substituted derivatives, is a 
cyclic compound involving interaction between the amide and a-carbonyl 
groups (II). Recently, Cohen and Witkop (18) have observed a reaction 


*The authors are grateful to Dr. Gerson Kegeles for his kindness in performing 
these determinations. 

‘The determinations of molecular weight were based on an apparent specific vol- 
ume of 0.506 determined by the authors for a solution containing 1.9743 gm. of dimer 
per 100 gm. of water. 
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of this type between amide nitrogen and carbonyl groups across a ten. 
membered ring to yield a ketolactam, the structure of which was proved 
by reduction to the corresponding saturated compound. It is also of in. 
terest that the formation of the ketolactam was spontaneous. The rapid 
pH-dependent interconversion between the reactive and unreactive forms 
of a-ketoglutaramic acid (2) is consistent with a shift between the open 
chain and ketolactam forms. In contrast, the reactive form of a-ketosuc- 
cinamic acid is relatively stable; although the unreactive form of a-keto- 
succinamic acid is rapidly converted to the open chain form in alkali, 
subsequent acidification does not produce prompt reversion to the up- 
reactive form (2). These observations serve to distinguish the unreactive 
form of a-ketosuccinamic acid from that of a-ketoglutaramic acid, and are 
consistent with a monomer-dimer system for a-ketosuccinamic acid. The 
N-substituted derivatives of a-ketosuccinamic acid described here exhibit 
less tendency to yield unreactive forms than does a-ketosuccinamic acid. 
The significance of this observation must await work on the structure of 
the dimer. 

The demonstration of enzymatic transamination of B-oxalacetylamino 
acids to the corresponding 6-aspartylamino acids is of interest in that it 
extends the known scope of enzymatic transamination to reactions in- 
volving compounds which possess a peptide bond. However, there is as 
yet no conclusive evidence for the enzymatic transamination of a-peptides, 
The failure of the y-(a-ketoglutaryl)amino acids to participate in transami- 
nation may probably be ascribed to the tendency of these compounds to 
exist predominantly in a cyclic form. Although the participation of 
y-glutamyl peptides in transpeptidation has been amply demonstrated 
(19, 20), the significance of these reactions is not yet known. It is of 


interest that Hendler and Greenberg (21) observed formation of a com- — 
pound with the properties of y-(a-ketoglutaryl)glycine in mouse spleen and | 


rat kidney systems containing y-glutamylglycine. Further study of the 


metabolic role of y-glutamy] peptides, B-aspartyl peptides, and their a-keto 


analogues is necessary. 


SUMMARY 


1. The oxidation of a series of a-L-aminodicarboxylic acids and deriva- | 


tives by snake venom L-amino acid oxidase has been described; 6-aspartyl- 


glycine, 6-aspartylalanine, y-glutamylalanine, and 


several other compounds were oxidized, but y-glutamylleucine was not 
attacked. 

2. The a-keto analogues of several w-peptides have been prepared, i- 
cluding those corresponding to y-glutamylglycine, y-glutamylalanine, 
B-aspartylglycine, and #-aspartylalanine. The product of the enzymatic 
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oxidative deamination of y-L-glutamyl hydrazide (pyridazinone-3-car- 
boxylic acid) was isolated. The enzymatic preparation of succinamic 
acid and sodium malonamate was described. 

3. The B-oxalacetylamino acids (8-oxalacetylglycine and f-oxalacetyl- 
alanine) differed from the y-(a-ketoglutaryl)amino acids and a-ketoglu- 
taramic acid in being decarboxylated by hydrogen peroxide. It was there- 
fore concluded that these B-oxalacetylamino acids exist predominantly in 
the reactive open chain form. 

4. Under the conditions employed, the y-(a-ketoglutaryl)amino acids 
did not participate in enzymatic transamination. On the other hand, 
g-oxalacetylglycine and 8-oxalacetylalanine transaminated with glutamine 
to form, respectively, B-aspartylglycine and 6-aspartylalanine. 

5. The evidence suggests that a-ketoglutaramic acid, and presumably 
its N-substituted derivatives, exists predominantly in an unreactive keto- 
lactam form, which is in equilibrium with the open chain a-keto acid form. 
The unreactive form of a-ketosuccinamic acid has been shown by the 
sedimentation method of Klainer and Kegeles to have a molecular weight 
consistent with that of a dimer. 


The authors are indebted to Dr. L. A. Cohen, Dr. E. C. Horning, Dr. 
A. A. Patchett, and Dr. B. Witkop for very helpful discussions of this 
work. 
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THE CHEMISTRY OF SOME NATIVE CONSTITUENTS OF THE 
PURIFIED WAX OF MYCOBACTERIUM TUBERCULOSIS 


By HANS NOLL* 


(From the Division of Tuberculosis, The Public Health Research Institute of 
The City of New York, Inc., New York, New York) 


(Received for publication, June 18, 1956) 


“Purified wax,” as isolated by Anderson, is a complex lipide extracted 
from cultures of acid-fast bacilli with chloroform. It is characterized by 
its insolubility in methanol (1). Anderson investigated its composition 
by chemical identification of the fragments after hydrolytic degradation. 
The results indicated that the purified wax was not chemically homogene- 
ous, and the question of how the hydrolytic fragments were originally 
combined has not been answered. 

Progress toward the isolation of the native constituents of the purified 
wax was made by Asselineau (2). Extracting the purified wax with boil- 
ing acetone, he obtained a soluble portion termed ‘‘Wax C” and an in- 
soluble residue, the ‘‘Wax D” fraction. Wax C was characterized by its 
low melting point and the absence of nitrogen and high molecular carbo- 
hydrate components, and Wax D consisted chiefly of high molecular 
lipopolysaccharides containing small amounts of nitrogen and phosphorus 
(2, 3). 

Introducing the technique of chromatographic partitioning, Asselineau 

was able to isolate from Wax C two components in a pure state, which he 
_ identified as mycolic acid and an ester of phthiocerol. Later, Philpot and 
_ Wells (4) identified the acid part of this ester as mycocerosic acid. 
- A continuation and extension of the work on composition and chemistry 
of the native constituents of Wax C are reported in the present paper. An 
improved method of solvent partitioning of the purified wax resulted in a 
better defined separation of Wax C and Wax D. Several new compounds 
were isolated from the Wax C of various virulent strains of Mycobacterium 
tuberculosis, among these a triglyceride of a long chain fatty acid (C22 to 
Cos) and a monoglyceride of mycolic acid. 


EXPERIMENTAL 
Isolation of Wax C 


The production of the bacterial cultures and the strains used in this 
study have been described in a previous paper (5). The preparation of the 


* Present address, Department of Microbiology, School of Medicine, University 
of Pittsburgh, Pittsburgh, Pennsylvania. 
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purified wax and Wax C has been improved in the following manner. The } of 
chloroform extracts are concentrated in vacuo to about 300 ml. and then | filt 
clarified through a Seitz filter. If the chloroform extracts are markedly | 40- 
turbid, Seitz filtration often becomes difficult, and this difficulty is over. ’ 
cel 
TaBLeE I 
Chromatogram I. Chromatography of 2.10 Gm. of Waz C Brévannes Dissolved 
in Petroleum Ether, Adsorbed on 60 Gm. of Magnesium Silicate-Celite 
Eluted with 50 ml. of Mp. |McONa perme. spectran 
Fr 
még. °C. 
1-6 Petroleum ether Traces si 
7 “* ether-benzene 177.6 50-52 0 2 (Fig. 1) 
1:1 ) 
8 Petroleum ether-benzene 152.7 45-46) : 
1:1 | 
9 Petroleum ether-benzene 81.2 42-43 : 
1:1 
10 Petroleum ether-benzene 61.9 40 | 
1:1 
11 Petroleum ether-benzene 47.9 ° 
1:1 
12 Petroleum ether-benzene 44.9 36-37 ' 
1:1 
13 Petroleum ether-benzene 22.2 
1:1 | 
14 Benzene-ether 1:1 676.5 37-39) 
15 1:1 39.8 
20-24 1:1 7.6 
25 Ether + 5% MeOH 192.3 40-41 0.8 3 (6) =, 
26 119.2 42-43 : Fig.l) 4 
28-31 | “ +10% « 33.0 = 
* From the literature. . 
come by adding to the concentrated chloroform extracts 1 part ether, > 
followed by 1 part acetone before filtration. The clear filtrate istakento 
dryness, the residue dissolved in ether, and the purified wax precipitated © 
by adding an excess of methanol. The purified wax is then separated into ° 
Wax C and Wax D by dissolving it in a small amount of benzene to which 
1.5 parts of acetone are added slowly with stirring. A gummy precipitate 
results, which adheres to the bottom of the glass. The clear supernatant | 
fluid is decanted and Wax C is precipitated by the addition of an excess f tic 


srs 


nt 


)* 


H. NOLL 151 


of methanol. After cooling, the precipitate is filtered on a fritted glass 
filter, washed with methanol, and dried. It forms a white powder, m.p. 
40-50°. 

The yield of Wax C obtained by this method ranged from 60 to 90 per 
cent of the total purified wax. In contrast to this, extraction of the puri- 


TaBLeE II 


Chromatogram II. Chromatography of 1.50 Gm. of Waz C Vallée Dissolved in 
Petroleum Ether, Adsorbed on 100 Gm. of Magnesium Silicate-Celite 


Eluted with 50 ml. of M.p. spectrum 
meg. 
1 Petroleum ether 33.9 48-51) 
2 417.3 48-51 
3 156.7 51-53 
4 86.2 > 0 2 (Fig. 
5 36.3 1) 
6 sé 22.9 
7-12 57.5 
13 ether-benzene 104.4 39-40 
1:1 
14 Petroleum ether-benzene 20.1 03 
1:1 
15-24 | Petroleum ether-benzene 26.7 
1:1 
25 Benzene-ether 1:1 47.5 27-32 
26 ” 1:1 170.8 35-36 0.4 
27 " 1:1 15.3 36-37 5 (Fig 
28-38 35.7 1) 
39 Ether + 5% MeOH 59.6 38-39 
40 29.3 39 0.6 4 ((5)* 
41 co, * 9.3 Fig. 
42-46 23.0 1) 


* From the literature. 


fied wax with boiling acetone (2) yielded only 10 to 30 per cent Wax C. 
Extraction with boiling acetone also leaves a large part of the cord factor 
in the Wax D fraction, while fractional precipitation assures a high yield 
of cord factor in Wax C. 


Classification of Main Non-Tozxic Constituents of Wax C 


Chromatographic partitioning of Wax C yields a series of neutral frac- 
tions (Tables I to III; (5) Table II) characterized by their melting points 
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TaBLeE III 


Chromatogram III. Chromatography of 1.20 Gm. of Waz C of Isonicotinic Acid 


Hydrazide-Resistant Strain ‘‘Ciba’’* Dissolved in Petroleum Ether, 
Adsorbed on 75 Gm. of Magnesium Silicate-Celite 


Eluted with 50 ml. of |McONe perme. spectrin 
mg. 
1-9 Petroleum ether 12.9 
10 - ether-benzene 7.5 
1:1 
11 Petroleum ether-benzene 537.8 30-31 0 1 (Fig. 
1:1 1) 
12 Petroleum ether-benzene 65.3 
1:1 
13 Petroleum ether-benzene 41.6 31 ) 
1:1 
14 Petroleum ether-benzene 31.7 
1:1 
15 Petroleum ether-benzene 22.0 
1:1 
16 Petroleum ether-benzene 7.8 
1:1 | 
17 Benzene-ether 1:1 123.8 28-29 | 0.9 
18 = 1:1 9.3 | 
19 os 1:1 18.9 49-51 6.0 
20 12.5 
21 5.9 
22 1:1 4.3 
23 | 3.8 
24 Ether + 5% MeOH 180.0 42-47 3.5 5 = ((5) 
25 20.2 42 Fig. 1) 
26 3.4 
1111.5 = 938% 


* A variant of H37Rv, resistant to isonicotinic acid hydrazide, obtained through 
the courtesy of Dr. R. L. Mayer, Ciba Pharmaceutical Products, Inc., Summit, New 


Jersey. 


and, more specifically, by their infrared spectra.! 
fractions listed in Chromatograms I to IV are reproduced in Fig. 1. 
According to their infrared absorptions, they can be classified as follows: 

1 The infrared spectra were taken at the American Cyanamid Company, Stamford, 


Connecticut, with a Perkin-Elmer model No. 21 double beam infrared spectropho- 
tometer. The author wishes to express his thanks to Dr. R. C. Gore and Mr. N.B. 


The spectra of the main 


Colthup for invaluable assistance in preparing and interpreting the spectra. 
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saturated aliphatic long chain esters (Compounds A,, Az); saturated 
aliphatic long chain hydroxy esters (Compound B,); unsaturated aliphatic 
long chain hydroxy esters (Compound C;); and aliphatic-aromatic long 
chain hydroxy esters (Compound D,). 


{ 


5 W 


4000 3000 2000 1800 1600 1400 1200 1000 800cm74 
Fic. 1. Infrared spectra of Wax C components (taken from melts). Spectrum 1, 


Compound Spectrum 2, Compound Spectrum 3, Compound B;; Spectrum 4, 
- Compound C,; Spectrum 5, Compound D,. 


Compound A, (Fig. 1, Spectrum 1) 


This is the most abundant component occurring in Wax C of the strains 
H37Rv and PN, DT,C. It has never been found in Wax C of Brévannes 
and of the bovine strain Vallée. In view of the melting point and chroma- 
tographic adsorption ((5) Table II, Fractions 1 to 5), it was suggested (5, 6) 
that this compound is identical with an ester of mycocerosic acid and 
phthiocerol, described by Philpot and Wells (4). This has now been 
confirmed by reductive cleavage with LiAlH, and subsequent chromatog- 
raphy of the reaction products on magnesium silicate-Celite. Two frac- 
tions were obtained. Fraction 1 (m.p. 35-36°), eluted with petroleum 
ether-benzene 1:1, was identified as mycocerosic alcohol by comparing its 
infrared spectrum (Fig. 2, Spectrum 2) with the spectrum of mycocerosic 
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alcohol obtained after reducing a sample of mycocerosic acid? with LiAlH,, 
Fraction 2 (m.p. 68°) was eluted with benzene-ether 1:1. Its infrared 
spectrum (Fig. 2, Spectrum 1) was identical with that of an authentic 
sample of phthiocerol.* From the absence of hydroxy] bands in the infra- 
red spectrum of Compound A, as well as from the relative amounts of 
the two components obtained after reductive cleavage, it is concluded 
that both hydroxyl groups of phthiocerol are esterified with a mycocerosic 
acid residue. This is in agreement with previous findings (6, 7). 


J a 


4 


4000 3000 2000 1800 1600 1400 1200 1000 600cm: 


Fic. 2. Infrared spectra of degradation products of Wax C components (taken : 


from melts). Spectrum 1, phthiocerol; Spectrum 2, mycocerosic alcohol; Spectrum | 
3, mycocerosic acid; Spectrum 4, Az acid. 


Polgar (8) has isolated an acid, apparently identical with Anderson’s — 
mycocerosic acid, which he termed mycoceranic acid. By a series of © 


stepwise a he arrived at Structure I, which was later corrob- | 


CH; CH; CH; 
(D 


orated by synthesis of some of the structural units of this acid (9). The © 
infrared spectrum of Anderson’s mycocerosic acid (Fig. 2, Spectrum 3) — 
2 A sample of mycocerosic acid prepared by Dr. R. J. Anderson was obtained from 


Dr. R. C. Gore. 
* Kindly supplied by Dr. R. J. Anderson. 
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seems to be in agreement with the structure worked out by Polgar. The 
presence of several terminal CH; groups is indicated by the strong CH; 
band at 1380 cm.— in the spectrum of the acid as well as in the spectra 
of its ester and its alcohol derivatives. The infrared spectra of long chain 
fatty acids show two strong C—O bands near 1285 and 1235 cm.—', the 
first band being usually somewhat stronger. Freeman found a reversal of 
intensities occurring in this pair of bands in the spectra of single branched 
fatty acids with a methyl group in the 2 position, and in the spectra of 
higher branched fatty acids with several methyl groups close to the car- 
boxyl group (10). The occurrence of this reversal in the spectrum of my- 
cocerosic acid is in agreement with the structure of Polgar’s mycoceranic 
acid (Structure I) and thus further indicates the identity of the two acids 
(3). 

The structure of phthiocerol has been the subject of studies by several 
workers (2, 11-15). Polgar and coworkers (14, 15) concluded that phthio- 
cerol is 4-methoxy-4-methyl-n-tetratriacontane-9 ,11-diol (Structure II). 


ag OCH; 


CH; 
(II) 


The presence of a 1,3-glycol structure had previously been established 
by Demarteau-Ginsburg and Lederer (13). There is some difference of 
opinion between Polgar and Lederer as to the position of the ‘methoxyl 
group. In contrast to the Structure II proposed by Polgar, the French 
workers assigned the methoxyl to position 5 on the carbon next to the 
methyl branching (13). Because of recent results, however, Lederer and 
Stenhagen appear to have definite evidence‘ that the methoxyl group is 
attached to carbon 3. A characteristic feature of the infrared spectrum 
of phthiocerol (Fig. 2, Spectrum 1) is the presence of two sharp bands at 
830 and 925 cm.-'. Strong absorptions in this region have been associated 
with the group 


C 


in tertiary alcohols and ethers (16). The fact that the two bands are 
lacking in the dimycoceranate of phthiocerol indicates that they are related 


‘E. Lederer, personal communication. 


of 
C 
e 
3) 


156 PURIFIED WAX OF M. TUBERCULOSIS 


to the free secondary hydroxyls rather than to the presence of a tertiary | w 
methoxyl group in phthiocerol. yi 

structure of phthiocerol-dimycoceranate (Compound is pictured | 
in Structure ITI, on the basis of the available chemical information con- W 


cerning its acidic and alcoholic components. bi 
CH, in 
| fr 
CH; in 
CH—OCH; 
CH—CH; 
A 
(CHz)4 fa 
CH; CH; 3 in 
m 
12 
CH; 3 


CH; 
(IIT) 


Compound Az (Fig. 1, Spectrum 2) 


C 

sa 

m 

a 

This ester fraction is relatively abundant in Wax C of the strains Brévan- re 

nes, Vallée, BCG, and H37Ra but occurs only irregularly and in much th 

smaller proportions in the strains H37Rv and PN, DT, C, which in con- gr 

trast are rich in the Compound A; component (phthiocerol-dimycocera- n¢ 

nate). as 
Compound Az (eluted with petroleum ether-benzene 1:1 (Table |, 

Fraction 7)) has been characterized by the following data: 

M.p. 50-58°. C 78.37, H 12.32 

78.23, 12.29 


C 
The infrared spectrum taken from a melt shows the general absorption 


pattern described for triglycerides of long chain fatty acids by Shreve et 
al. (17), a strong band at 1175 flanked by weaker bands at 1250 and 1105 
cm.-!. The band at 1420 has been associated with CH: next toC=0 = — 
(18), and thus is common to esters of straight chain fatty acids but absent 
in the spectra of esters of fatty acids having a branching at the a-carbon. 
Saponification—400 mg. of Compound A: were saponified with KOH [| ,, 
moist isopropyl alcohol, as described for cord factor (5). The solution §  g, 
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was then acidified with HCl and extracted with ether. The ether extracts 
yielded 390 mg. of white powder which were subsequently chromatographed 
on magnesium silicate-Celite. Practically all of the material was eluted 
with petroleum ether-benzene 1:1 (v/v) in a series of fractions forming a 
broad peak. The infrared spectra of all these fractions were identical, 
indicating that the material was homogeneous. After recrystallization 
from hot acetone, a microcrystalline powder was obtained with the follow- 
ing properties: 


M.p. 70-76°; acid equivalent 380. C 77.94, H 12.68 


Infrared Spectrum (Fig. 2, Spectrum 4)—The infrared spectrum of the 
A; acid taken as a melt shows the characteristic absorptions of long chain 
fatty acids in the solid state. According to Jones et al. (19), a typical 
feature of such spectra useful for identification is a progression of bands 
of uniform intensity and spacing between 1180 and 1350 cm.-!. Lengthen- 
ing of the carbon chain increases their number with a concurrent displace- 
ment to lower frequencies. ‘The position of these progression bands in the 
spectrum of the Compound Az acid is at 1190, 1200, 1212, 1225, 1238, 
1250, 1265, and 1280 (shoulder) cm.—'. 

Elementary analysis and titration indicate for Az acid a chain length of 
C2 to Cog. Its infrared spectrum does not match any of the spectra of the 
saturated long chain fatty acids published by Jones eé al., which include 
members up to C2. Its high melting point is in accordance with that of 
a saturated and straight chain structure. This is supported by its infra- 
red spectrum. The C—CH; band at 1380 cm. is very weak, ‘reflecting 
the small molecular proportion contributed by the single terminal CH; 
group in straight long chain fatty acids. Although the available data are 
not considered sufficient for an exact identification, we may tentatively 
assign to the A, acid the structure of tetracosanoic acid: 


CaHysO2. Calculated. C 78.19, H 13.12 (mol. wt., 368.6; m.p. 84°) 
Found. 77.94, 12.68 ( ‘* 380; m.p. 70-76°) 


The results from infrared spectroscopy and saponification suggest for 
Compound Az, the structure of a triglyceride of tetracosanoic acid: 


CrsH 1406 (46CH3). Calculated. C 78.74, H 12.86 
Found. ** 78.37, 12.32 
78.23, ‘* 12.29 


* After this manuscript was completed, we received, through the courtesy of Dr. 
Lederer, pure samples of tetracosanoic and hexacosanoic acid. Comparison of their 
infrared spectra showed an extremely close similarity between the A; acid and tet- 
racosanoic acid. A final identification, however, has to await a more extensive 
Study upon a larger series of homologous acids, including pentacosanoic acid. 
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Compound B, (Fig. 1, Spectrum 8) 


This hydroxy ester is a major constituent of Wax C of the strains Brévan- 
nes and BCG. The material is eluted from the column with benzene. 
ether 1:1 (Table I, Fractions 14 to 24). After precipitation from ether 
with methanol, it forms a white powder with the following characteristics: 


C 79.54, H 12.33, N 0 
“79.59, 12.55, 
M.p. 38-39°. [al> +6.4° + 2.5° (C = 0.7 in benzene) 


Infrared Spectrum (Fig. 1, Spectrum 3)—The strong bonded OH band 
at 3350 indicates the presence of several free hydroxyl groups. The bands 
in the C—O stretching region at 1050, 1100, and 1170 cm." agree well in 
position with the three bands which have been found to be characteristic 
for monoglycerides by Matutano and Martin (20). The bands at 1050 | pe 
and 1100 have been associated with the C—O stretching of primary and 
secondary OH, respectively, and the strong absorption at 1170 cm. with 
the stretching of the ester linkage, 


0a 


—c—o—c— 


Saponification—800 mg. of Compound B, were saponified in moist iso- 
propyl alcohol as described (5). The solution was then acidified with 3.3 
ml. of 1 N HCl and, after addition of 10 ml. of HO, extracted with pe- 
troleum ether. The petroleum ether extracts yielded 733 mg. (92 per 
cent) of a waxy residue which was obtained as a white powder after pre- 
cipitation from ether with methanol. This material was identical in all 
its properties (melting point, acid equivalent, C,H analysis, infrared 
spectrum) with mycolic acid Brévannes (Cig7Hi740,4) (21), as obtained 
from saponification of cord factor (5). ne 

The aqueous portion of the hydrolysate was deionized by filtering through _¢. 
Amberlite MB-3 and then lyophilized. A colorless viscous liquid was | ag 
obtained which was identified as glycerol by its infrared spectrum. It 
follows from the yield of mycolic acid after saponification (92 per cent) as 
well as from the C,H analysis of the original material that Compound B, 


is a monomycolate of glycerol: - oO 
CooHis00s. Calculated. C 79.57, H 13.36 pt 

Found. “79.54 ‘* 12.33 in 

“79.59, “ 12.55 be 

This finding is corroborated by the infrared spectrum of Compound By, be 
which shows the characteristic bands of a monoglyceride. Since the opti- « 
cal rotation of the ester (+6.4°) is considerably stronger than that of my- se 


colic acid (+1.8°), a new asymmetrical center must have been added. 
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Consequently, mycolic acid must be linked to one of the a-carbons of 
glycerol which renders the 6-carbon asymmetrical, as shown in Structure 
IV. 


O 
H*C,0H 


H.COH 
(IV) 
Compound C, (Fig. 1, Spectrum 4) 


This neutral component, m.p. 28°, has occasionally been found in the 
petroleum ether-benzene eluates during chromatography of Wax C Brévan- 


1.0 


log optical density 


a 


my 220 240 260 260 300 
Fig. 3. Ultraviolet absorption spectrum of Compound D,. 0.1 per cent solution 
in isooctane. 


nes. Its main spectral characteristics, apart from its bonded —OH and 
C=O absorptions, are three sharp bands at 1650, 1385, and 750 cm.—! 
associated with cis double bonds of the C—CH==CH—C type. 


Compound D, (Fig. 1, Spectrum 6) 


This component, m.p. 27-32° (Table III, Fraction 25), has been isolated 
only from Wax C of the bovine strain Vallée. Smith et al. (22) have 
published an infrared spectrum which is identical to Spectrum 5 presented 
in Fig. 1. They concluded from an extensive study of a great number of 
bovine and other strains that this component was characteristic of the 
bovine type. 

The infrared spectrum of Compound D, shows three characteristic 
sharp bands at 1620, 1590, and 1515 cm.—! which are correlated with a 
substituted benzene. Its ultraviolet spectrum (Fig. 3) shows the charac- 
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teristic absorptions of a disubstituted aromatic ether. On the other } th 
hand, the strong CHe absorptions in the infrared spectrum suggest that ] vs 
the aromatic part of the molecule is combined with a long chain aliphatie | W 
residue. These characteristics indicate that Compound D, is related to | yi 


TABLE IV tu 
Percentage Range of Wax C Components 
Compound No. 
Strain ~ on tw Mycolic acid | Cord factor 
Ai Az Bi Di by 
wks. or 
PN, DT,C.......... 12 80-90 | 0 0 |0 10-20 1-3 Tl 
2-3 60-70 | O 0 0 1-5 10-15 of 
2-3 60-70 | O 0 0 5-10 5-10 < 
Brévannes.......... 2-3 0 20-30 | 40-50 | 0 0 8-20 ar 
2-3 0 60-70 | O 3-5 0 8-15 th 
*See Table III, footnote. th 
in 
TABLE V 
Adsorption Sequence and Chemical Constitution of Waz C Components 
Functional groups, in order 
of increasing adsorption 
Observed elution affinity 

Com- | sequence, in order of | Approxi- 

pound (increasing adsorption | mate mol. We 55 Eluted with 
No, affinity, on mag- wt. on (2 
No. of groups per molecule t 
e 
A, (CosHigsOs) 1410 l 2 0! O Petroleum ether ra 
Ag 14606) 1144 0 3 0 0 ether-benzene en 
1:1 te 
B, (Cooly 9006) 1358 0 1 4 0 Benzene-ether 1:1 ef 
MA*® 1284 0 0 2; 1 T 
CFT | (CiseHi6cO:7) 2903 3 2 |10) O Ether + 5% MeOH ‘ 
SU 

*MA = mycolic acid. 

t CF = cord factor. fr 
li 
leprosols of Crowder et al. (23), which have been shown to be alkyl] deriv- ts 
atives of resorcinol (24). - 
Relative Proportions of Constituents of Wax C in ef 
Various Strains of Virulent Tubercle Bacilli | 
0 
Table IV summarizes the relative proportions of the main components . 
contained in the Wax C of five different bacterial strains. It can be seen y | 
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that strain differences are clearly reflected in qualitative and quantitative 
variations of the non-toxic ester components, while cord factor is the only 
Wax C constituent present in all of these strains. The lower relative 
yield in the strains PN, DT, C is probably due to the age of the culture, 
since it has been shown that the yield of cord factor decreases as the cul- 
tures grow older (5, 6). 


Chromatographic Adsorption and Chemical Constitution 


Within a given class of compounds, the adsorption affinity is determined 
by the nature and number of polar groups present in the molecule. The 
order of elution is therefore a direct reflection of the chemical constitution. 
The functional groups relevant to this study have been classified in order 
of increasing adsorption affinity for alumina and magnesia as C-O-C 
< CO-OR < OH < CO-OH (25). When the main constituents of Wax C 
are arranged according to the number and relative adsorption affinity of 
their functional groups (Table V), the resulting sequence coincides with 
the observed chromatographic elution order. Thus, the findings concern- 
ing the chemical constitution of these compounds are in excellent agree- 
ment with their chromatographic behavior. 


DISCUSSION 


In recent years conflicting reports have been published concerning the 
biological activity of Anderson’s purified wax and similar preparations 
(26-29). These contradictory findings indicate the need for better meth- 
ods for the resolution of complex lipide fractions and the chemical charac- 
terization of the individual components. A combination of chromatog- 
raphy with infrared spectroscopy provided an efficient tool toward this 
end (5, 6, 30). Since chemically distinct lipide components have charac- 
teristic infrared spectra, it was possible to control, spectroscopically, the 
efficacy of the partitioning process and the purity of the resulting fractions. 
The infrared spectrum then served as a means of identification prior to 
structural analysis by chemical degradation methods. 

The main difficulty in the purification of Anderson’s purified wax arises 
from the fact that it contains a certain proportion of high molecular 
lipopolysaccharides (Wax D) which are difficult to separate from the lower 
molecular lipides (Wax C). In addition, Wax D, because of its high 
molecular structure, defied attempts at purification by the methods 
effective for the partitioning and characterization of the Wax C constit- 
uents (31). The present study, therefore, was limited to an investigation 
of the chemical composition of Wax C. For the isolation of this fraction, 
a method of solvent fractionation was developed which resulted in a more 
complete separation of Wax C from Wax D, and gave considerably higher 
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yields of Wax C than previous methods did. A clear separation of Wax 
C from Wax D is important for biological studies, since both fractions 
contain active components, causing essentially different phenomena. 

The chemical study of Wax C has shown that it consists mainly of 
unusually long chain fatty acids which are esterified with polyhydroxy 
compounds such as phthiocerol, glycerol, and trehalose to form lipides of 
a relatively high molecular weight, ranging from 1000 to 3000. The 
molecular size and predominantly paraffinic structure account for the 
similar solubility of these compounds in organic solvents, in particular 
their insolubility in methanol, on which the isolation of Wax C is based, 
An analysis of the chemical composition of Wax C obtained from different 
virulent strains revealed significant qualitative and quantitative variations. 
The only constituent uniformly present in Wax C of all the strains analyzed 
so far was cord factor, the structure of which has recently been determined 
as trehalose-6 ,6’-dimycolate (32). Another ester of mycolic acid has been 
isolated from the strains Brévannes and BCG in the form of an a-mono- 
glyceride. Free mycolic acid did not occur regularly in the Wax C of 
young bacterial cultures. Only the H37Rv strain consistently yielded 
small quantities of the free fatty acid. The presence of large amounts of 
free mycolic acid (5) in the wax of old, steam-killed cultures probably 
results from autolytic processes, at least part of it being liberated from 
cord factor, as indicated by a corresponding reduction in cord factor. 

It has often been emphasized that the tubercle bacillus waxes contain 
little (3) or no (33) glycerides. This general statement is obviously not 
correct. The present results indicate that the relatively low glycerol 
values found by previous authors in hydrolysates of crude wax fractions 
are due to the unusually large molecular size of the constituent fatty acids 
rather than to the absence of glycerides. In some bacterial strains glye- 
erides constitute as much as 70 per cent of the total Wax C (Table IV). 
It is an open question whether this large proportion of glycerides is related 
to the composition of the culture medium which contains glycerol as the 
chief source of carbon. 

It is suggestive to consider the compounds isolated from Wax C as 
representatives of a wider family of structurally related components 
occurring throughout the lipide fractions of the tubercle bacillus. Thus, 
structural analogues of lower molecular weight, 7.e. similar combinations 
of polyhydroxy compounds with fewer or shorter paraffinic chains, would 


be considerably more soluble in methanol and hence more likely to occur” 
in some fraction other than Wax C. Such considerations are of particular — 


interest with regard to fatty acid esters of trehalose because of the possible 
biological activity of structural analogues of cord factor. This view is 
supported by earlier reports on esters of trehalose with shorter fatty acids 
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occurring in Anderson’s acetone-soluble fat (21, 34), as well as in certain 
lipides of diphtheria bacilli (35). 


SUMMARY 


The chemical composition of Wax C from various virulent strains of 
Mycobacterium tuberculosis has been investigated by chromatographic 
partitioning, combined with infrared spectroscopy. A series of compounds 
designated as Compounds Aj, Ae, B:, Ci, and D, has been isolated in puri- 
fed form and characterized by their infrared spectra. The chemical 
structure of the following compounds has been determined by hydrolytic 
degradation: Compound A, as phthiocerol-dimycoceranate, Compound A» 
as a triglyceride of a straight chain fatty acid Co2 to Cos, and Compound 
B, as an a-monoglyceride of mycolic acid. 

The significance of these findings and their relation to previous results 


are discussed. 


The technical assistance of Mr. Eugene Jackim in this research is grate- 
fully acknowledged. 
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STUDIES IN VITAMIN E DEFICIENCY 


III. THE ESTIMATION OF TISSUE TOCOPHEROL 
WITH PHOSPHOMOLYBDIC ACID* 


By HARRIS ROSENKRANTZ 


(From the Worcester Foundation for Experimental Biology, 
Shrewsbury, Massachusetts) 


(Received for publication, June 13, 1956) 


In 1954 Nair and Magar (1) reported the use of phosphomolybdic acid 
for the colorimetric determination of vitamin E in fats and oils. The 
reaction appeared to be more specific than the ferric chloride-dipyridyl 
test in that vitamin A, carotenoids, and sterols did not interfere. This 
was interesting because published reports indicate that phosphomolybdic 
acid reacts with vitamin A (2), carotenoids, and reducing steroids (3, 4). 
The indicated advantages of the method of Nair and Magar (1) would 
certainly make it suitable for estimation of vitamin E in blood and per- 
haps tissues. Therefore, further exploration of the phosphomolybdic acid- 
vitamin E reaction appeared pertinent. 

It was the purpose of this study to reinvestigate the problem more rigor- 
ously so that its applicability for the determination of tissue tocopherol 
could be evaluated. It was found that the specificity of the reaction de- 
pended on the preparation of the phosphomolybdic acid. The sensitivity 
of the test was improved at elevated temperatures, and a micromethod 
for estimation of purified tocopherol compounds was evolved. The rea- 
gent was also suitable for locating tocopherol substances on paper chro- 
matograms. 


EXPERIMENTAL 


The phosphomolybdie acid reagent (PMA) was prepared according to 
the directions of Nair and Magar (1). In the original procedure the ma- 
terial to be tested was dissolved in 1 ml. of ethanol, exposed to 2 ml. of 
0.2 per cent PMA in glacial acetic acid for 5 minutes, and diluted with 
$ml. of pure ethanol. The yellow-green color was read at 700 my. This 
method was compared with procedures incorporating the following modifi- 
cations: The test substance in 0.5 ml, of absolute ethanol was treated with 
0.5 ml, of 0.8 to 3.2 per cent PMA in glacial acetic acid. The reaction was 
carried out for 15 minutes at 27° or 2 minutes at 100° (boiling water bath) 
In glass-stoppered 75 > 10 mm. colorimeter tubes. At the elevated tem- 


* This work was supported by a grant from the Muscular Dystrophy Associations 
of America, Ine, 


165 


: 
4 


166 STUDIES IN VITAMIN E DEFICIENCY. III 


perature, evaporation of the ethanolic solution was prevented by keeping 
a sheet lead weight on the glass stoppers. Commercially available solid 
phosphomolybdic acid! was used to prepare the reagent, which was com. 
pared with that of Burstein (4). 

Parallel determinations were performed with a modified ferric chloride. 
dipyridyl method (EE) in recovery and tissue experiments. Samples in 
0.5 ml. of absolute ethanol or isooctane were alternately mixed with 0.25 
ml. of 0.4 per cent a,a’-dipyridyl in absolute ethanol and 0.25 ml. of 02 
per cent ferric chloride (FeCl;-6H:O) in methanol. Readings at 520 
my were taken 30 seconds after the addition of ferric chloride. 

In the studies on blood tocopherol, 5 ml. of human or rabbit whole blood 
were permitted to clot and were centrifuged. The proteins in 1 ml. of 
clear serum were precipitated by addition of 1 ml. of absolute ethanol, 
and one extraction with 2 to 3 ml. of isooctane was performed. 1 nl. 
aliquots of the organic layer were dried under a stream of nitrogen, and 
the residues were simultaneously subjected to the PMA and EE tests. 
Isooctane extracts can be directly employed in the EE procedure. 

Tissue extracts were investigated in a similar manner. Approximately 
250 mg. of rabbit tissue (wet weight) were homogenized in 5 ml. of 50 per 
cent ethanol and treated as above. 

The visible and ultraviolet absorption spectra of the phosphomolybdic 
acid-tocopherol complexes were determined in a Cary model No.11MS spec- 
trophotometer. 

For the detection of tocopheryl compounds on paper chromatograms, 
the PMA reagent was placed upon the zones which had known quantities . 
of substance, and the chromatogram was heated at about 100° for 2 min- | 
utes. 


Results 


Nair and Magar (1) have demonstrated that the PMA-vitamin E con- 
plex obeys the law of Bouguer-Beer in the 0 to 150 y range. This was con- 
firmed in the range of 0 to 25 y in the present micromethod. The infl- 
ence of ethanol, glacial acetic acid, PMA, and temperature on the reaction 
is outlined in Table I. The values in Lines 1 and 2 reveal the increase in 
density owing to reduction of final volume, with no change in the absolute 
quantities of the reactants in the reaction medium. A 2.5-fold elevation 
in density was obtained by exposure of the reactants to 100° for 2 minutes. 
No alteration in the density of the blank occurred, which indicated that 
increased sensitivity of the test had been achieved. Dilution beyond the 
convenient volume of 1 ml. was of no advantage (compare the figures iD 


1 Phosphomolybdie acid, molecular weight approximately 3940, from various com 
mercial companies gave equivalent results. 
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Lines 3 and 4). The doubling of the PMA content resulted in an absorp- 
tion increment at the higher temperature but did not influence the density 
of the blanks (Lines 4 and 6). Omission of ethanol introduced the ex- 
tra step necessary for removal of the sample solvent and afforded no 
density advantages. The values in Lines 4 to 6 of Table I show that an 
increased density occurred at the level of 16 mg. of PMA. This was offset 
by a serious increase in the absorption by the blank. In proceeding from 
4to 8 to 16 mg. of PMA in the absence of ethanol, the density of the blank 
rose from 0.035 to 0.053 to 0.125. 


TABLE I 


Effect of Ethanol, Glacial Acetic Acid, Phosphomolybdic Acid, and Temperature on 
Determination of 25 y of d-a-Tocopherol 
Ethanol Acetic acid id ith | Temperature 
(1) (2) (3) (4) (5) (6) 
ml. ml. mg. ml. °C. 
1.0 2.0 4 3.0 27 0.046 
0.25 0.5 4 0.75 27 0.144 
0.25 0.5 4 0.75 1007 0.370 
0.5 0.5 4 0 100 0.500 
0.5 0.5 8 0 27 0.200 
0.5 0.5 8 0 100 0.585 
0 1.0 4 0 100 0.490 
0 1.0 8 0 100 0.580 
0 1.0 16 0 100 0.690 


*The densities have been corrected for the absorption of the corresponding 
blank. Duplication of Nair and Magar’s procedure was performed in the Klett- 
Summerson photoelectric colorimeter, and with the micromethod a Coleman junior 
colorimeter with a 10 mm. cell was used. 

t The samples were heated in an actively boiling water bath for 2 minutes. 


The best conditions for the estimation of tocopherol were as follows: 
25 y or less of the test compound were dissolved in 0.5 ml. of absolute 
ethanol and were allowed to react with 0.5 ml. of 1.6 per cent PMA in 
glacial acetic acid in a boiling water bath for 2 minutes. This was the 
procedure employed for the remaining experiments to be discussed. The 
yellow-green color was extremely stable and underwent only an approxi- 
mately 6 per cent increase in density after 1 to 2 days. The Nair and 


Magar colored product showed approximately a 10 per cent decrease in 
density during a 45 minute interval (1). The visible spectrum of the 
colored product contained a broad maximum near 725 my, as reported (1). 

Nair and Magar (1) have claimed that the PMA-vitamin FE reaction was 
However, they employed vitamin A palmitate instead of 
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free vitamin A and neglected to sample the reducing steroids which are | (d 
known to react with certain preparations of phosphomolybdic acid. A ]} in 
further examination of the specificity of this reaction appeared warranted } la 
and was performed. A comparison of both methods with additional com. | re 
es 
wi 


TABLE II 
Specificity of Phosphomolybdic Acid-Tocopherol Color Reaction 


Reactivity as compared to d-a-tocopherol ce 
Compound Wi 
Micromethod, 100° <a to 
Co 
per cent per cent m 
2,5,7,8-Tetramethyl-6-hydroxychroman........... 178 tic 
a-Tocopherylhydroquinone........................ 100 
70 5 on 
hydrochloride................... 10 ad 
a-Tocopherylhydroquinone diacetate.............. 0 th 
0 
ex 


pounds known to occur with vitamin E in the tissues is given in Table Il. | 4 
Contrary to previous findings (1), B-carotene and vitamin A did react of 
with the PMA reagent. 26 

In the case of the steroids with an a-ketol side chain, a positive reaction } 4 
was obtained under the conditions of the micromethod. Interestingly 
enough, a distinction was apparent between the 17-hydroxylated steroids f an 
(cortisone and hydrocortisone) and those which lacked such a grouping — ‘te 
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(deoxycorticosterone and corticosterone). The latter developed color 
intensities approximately twice those of the former. The adrenal medul- 
lary hormones, adrenaline and noradrenaline, were weakly reactive. Rep- 
resentative reference compounds of the C.)-deoxy series, androgenic and 
estrogenic hormones, and C2; structures failed to yield significant color 
with PMA. 

The results with the tocopherol compounds permitted the correlation of 
certain structural relationships to reactivity. That the hydroxyl group 
was necessary for the reaction was evident from the inability of the esters 
to react. Replacement of the hydroxyl group with an amino group (to- 
copheramine) significantly inhibited the reactivity. The location of the 
methyl groups on the benzene ring influenced the intensity of color forma- 
tion. The most intense color product was formed with a-tocopherol, 
which contains three methyl groups on the benzenoid ring. Removal of 
one of the methyl groups adjacent to the hydroxyl group (8- or y-tocoph- 
erol) decreased the intensity by approximately 40 per cent. Absence of 
both adjacent methyl groups (6-tocopherol) resulted in an additional 15 
per cent decrement. ¢-Tocopherol, which lacks the 8-methyl group, con- 
firmed the finding on 6-tocopherol that the 8-methyl group contributed 
heavily to the reactivity of the tocopherols.2, The phytyl side chain 
appeared to be inhibitory (compare 2,5,7 ,8-tetramethyl-6-hydroxychro- 
man and a-tocopherol).? 

A somewhat analogous situation has been observed for these tocopherols 
in the ferric chloride-dipyridyl] reaction, in which, however (in this test), 
equivalent densities were exhibited by a-, B-, y-, and 6-tocopherols after 
approximately 24 hours. 

Since a-tocopherylhydroquinone has the requisite functional groups, it 
formed a colored product equal in intensity to that of a-tocopherol. a-To- 
copherylquinone was significantly reactive. This was not true of men- 
adione, another p-quinone. 

In order to explain the reactivity of a-tocopherylquinone and elucidate 
the role of a-tocopherol in the formation of the colored product, an attempt 
was made to identify the substrates in the reaction mixture. After the 
PMA reaction was completed, the mixture was diluted with water and 
extracted twice with isooctane. The colored product remained in the 
aqueous phase. The ultraviolet spectrum obtained on the isooctane phase 
of the tocopherol reaction contained a bifurcated absorption band near 
262 and 269 mu and a single maximum near 300 my. The latter is char- 
acteristic for a-tocopherol and the former for a-tocopherylquinone (5). 


s Thanks are due to Dr. J. Green for generously donating samples of ¢-tocopherol 
and its acetate and to Dr. A. T. Milhorat for a-tocopheryl succinate and 2,5,7,8- 
tetramethyl-6-hydroxychroman. 
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The tocopherylquinone absorption indicated less than 10 per cent oxidation 
of the tocopherol. The tocopherol band accounted for approximately 92 
per cent starting material. A control study in which a-tocopherol was 
treated only with glacial acetic acid in the absence of phosphomolybdie 
acid yielded complete recovery of the substrate. The isooctane layer 
from a PMA reagent blank did not show any absorption in the ultraviolet 
region. 


TaBLeE III 
Human Blood ‘‘Tocopherol’’ Levels Determined by PMA and EE Methods* 
| Recovery 

Subject Sex Age PMA EE a 

PMA EE 
yrs. mg. per cent | mg. per cent per cent per cent 

B. L. M. 27 0.96 0.84 93 94 

G. A. c 30 0.87 0.90 | 91 110 

A. F. 33 2.13 90 90 

F. U. | o 33 1.62 93 

H. R. ~ 34 1.44 1.02 105 

E. F. $6 38 1.38 1.05 102 105 

M. K. F 23 1.07 

D.S. 24 0.85 

L. W. 4 25 0.87 90 

P. G. $4 27 0.72 0.60 104 110 

A. T. 27 1.38 

P. L. - 27 0.84 0.90 100 102 

N. F. a 27 2.16 

D. H. . 30 1.62 100 

B. R. 1a 35 0.84 0.75 


* Recoveries were performed by the addition of 40 y of a-tocopherol to duplicate 
samples of serum. | 


A similar study with a-tocopherylquinone resulted in an ultraviolet 
spectrum containing bands near 260, 268, 282, and 292 mu. ‘The first two 
may be assigned to the quinone, the third to the hydroquinone, and the 
last to tocopherol. End absorption near 220 mu, which is characteristic 
of the hydroquinone and tocopherol spectra, was evident (5). Calculation 
of concentrations indicated that 8 per cent quinone, 55 per cent hydro- 
quinone, and 37 per cent tocopherol made up the mixture. The isooctane 
phase from a quinone and glacial acetic acid reaction yielded a spectrum 
without end absorption, and the intensity of the quinone peak represented 
all of the starting material. 

A comparison of the visible spectra of the a-tocopherol-PMA color 
product obtained with the PMA method of Nair and Magar (1) and that 
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of Burstein (4) was made. The latter gave a maximum near 660 mu, the 
former near 725 mu. a-Tocopherol gave approximately 20 per cent higher 
densities with Burstein’s reagent than equivalent quantities of hydrocor- 
tisone. | 
The micromethod developed here was applied to the estimation of 
“vitamin E”’ in blood and tissues. The results are summarized in Tables 
III and IV. The subjects were healthy individuals whose lunch meals on 
the day of blood sampling were known to be low in vitamin E. The blood 
TaBLE IV 
Rabbit Tissue ‘‘Tocopherol’’ Levels Determined by PMA and 
Ferric Chloride-EE Methods 
PMA EE Recovery* 
No. of 
Treatment animale Tissue 

per cent| 

Tocopherol 9 Serum 2.24 1.0f| 1.14 0.5) 80 | 8 

supplemented | 3 Liver 0.9} 14+ 0.3) 83 | 84 

4 Kidney 434 3.9 + 2.5} 82 78 

5 Adrenal 27.3 + 14.4] 13.1 + 4.8) 81 85 

4 Skeletal muscle 3.124 87 87 

Tocopherol 4 Serum 0.6+ 0O.3f| 0.832 80 | 8 

deprived 6 Liver 6.74 3.2] 4.824 1.3) 77 75 

6 Kidney 3.824 1.3] 3.924 0.9} 78 75 

6 Adrenal 9.242 2.2) 7.74 3.2) 69 63 

5 Skeletal muscle 12+ 0.7] 3.5 + 2.0) 82 | 85 


* In the recovery studies, 40 y of d-a-tocopherol were added to an equal portion of 
the tissue homogenate analyzed. A similar quantity was added to one portion of the 
evenly divided serum. Recovery values in the absence of tissue were 100 per cent 
for both methods. 

t These values represent mg. per 100 ml. of serum. 


samples were taken in mid-afternoon. It can be seen in Table III that 
simultaneous analyses by the PMA and EE methods yielded similar 
estimations of blood tocopherol by each procedure. 

The average value for this group of males (27 to 38 years) was 1.40 + 
0.42 s.d. with a range from 0.87 to 2.13 mg. per cent and 1.21 + 0.50 s.d. 
with a range from 0.84 to 2.22 mg. per cent for the PMA and EE methods, 
respectively. Addition of 40 y of a-tocopherol to duplicate aliquots of the 
serum analyzed above gave recoveries ranging from 90 to 110 per cent for 
both analytical procedures. The average value for a group of females 
(23 to 35 years) was 1.26 + 0.46 s.d. mg. per cent (0.72 to 2.16) for the 
PMA test. No correction for blood vitamin A and carotenes was applied. 
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Such correction would yield a mean value of 1.05 mg. per cent (0.8 to 122) 
by the EE reaction (6). 

The estimation of “‘tocopherol”’ levels in tissues from litter mate rabbits 
supplemented or deprived of tocopherol is shown in Table IV. Despite 
relatively wide ranges in the values obtained, certain conclusions could be 
formulated. As expected, significant decreases in blood and adrenal “‘toeo. 
pherol” occurred in vitamin E-deficient animals. For these tissues the 
PMA procedure gave values approximately twice those obtained by the EE 
method. This situation appeared reversed in skeletal muscle. Recovery 
values varied between 60 and 90 per cent. 

A final application of the PMA procedure was made on paper chromato- 
grams for the detection of a-tocopherol, its hydroquinone, and quinone. 
As little as 0.5 y per sq. cm. of tocopherol or the hydroquinone could be 
located by a blue-green color easily distinguished from the yellow-green 
color of the reagent blank. The quinone could be detected at much higher 
concentrations (30 y), presumably through formation of hydroquinone or 
tocopherol in the presence of the PMA reagent. 


DISCUSSION 


The optimal conditions for determining tocopherols have already been 
given in detail. The heating procedure appeared advisable because impor- 
tant gains in sensitivity were achieved. Unfortunately the finding that 
B-carotene and vitamin A did react with the PMA reagent nullified the 
claim by Nair and Magar (1) on the specificity of the method. The dis 
crepancy between their results and the present ones revolved about the ref- 
erence compounds used. The choice of vitamin A palmitate by Nair and 
Magar may have introduced an inhibitory effect due to the palmitate group- 
ing. A similar situation may perhaps be attributed to the mixed carotene 
sample studied by the above authors. That is, a predominance of a caro- 
tene in their sample may have been present which was much less reactive 
than the 6-carotene utilized in the present investigation. 

Except for the vitamin A substances, the PMA reagent had a high degree 
of specificity for a-tocopherol, the most prominent tocopherol in mamms- 
lian tissue. Obviously the specificity is increased in more purified extracts, 
and the possibility that the reaction could be used for distinguishing the 
various tocopherols cannot be minimized. Not only can the PMA reagent 
detect minute quantities of the tocopherols and their hydroquinones o 
paper chromatograms, but, in addition, determination of the reaction rate 
could distinguish between a-, 8-, or y-, 6-, and ¢-tocopherols. 


Application of the method to blood and tissue appears more difficult. 


Hydrogenation would be necessary for removing the interference of vitamin 
A substances, and more extensive purification of isooctane extracts of tit 


sue 
me 
pol 
lev 
d 
est, 
hig 
dic 
toc 
vie 
len 
me 
ve 
tic 
bu 
is 
fer 
a 


H. ROSENKRANTZ 173 


ues would be necessary for more accurate measurements (7). That the 
method can be of some use without extensive fractionation of tissue com- 
ponents was indicated from the experiments on blood and adrenal ex- 
tracts from normal and vitamin E-deficient rabbits. Lower ‘‘tocopherol’”’ 
levels were found for the latter. This was corroborated by the EE proce- 
dure. 

The simplicity of the PMA method makes it particularly attractive for 
estimating tocopherol in the adrenal gland, which is known to contain a 
high concentration of vitamin E (8). Catechol amines present in the 
adrenal medulla do not react, and the reducing steroids in the adrenal cortex 
are not soluble in isooctane (9). Fatty acids, glycerol, and cholesterol 
did not react with the PMA reagent or interfere with the estimation of 
tocopherol. Fatty acids and cholesterol do inhibit the EE reaction (10). 

The nature of the colored product was of some interest. It has been 
pointed out that the PMA reagent prepared according to Burstein (4) 
yielded a colored product with tocopherol that absorbed at a different wave 
length from that formed with the reagent used here. Because the com- 
mercial solid phosphomolybdic acid is of high molecular weight and has a 
yellowish color, while Burstein’s reagent is colorless, it is conceivable that 
the difference in colored products is related to the extent of polymeriza- 
tion of the reagent. The data on ultraviolet absorption by the high poly- 
mer product lead to the conclusion that tocopherol triggered the reaction 
but was not necessarily a part of the complex. The tocopherol could be 
extracted into isooctane, while the color product remained in the aqueous 
phase. Perhaps the phosphomolybdic acid polymerized further, since its 
original color was yellow and the colored product was yellow-green. 

After the completion of the present investigation, Nair and Magar (11) 
reported on human blood plasma levels of vitamin E (0.36 to 0.41 mg. per 
cent) obtained with the phosphomolybdic acid reaction. These tocopherol 
levels appear to be significantly lower than those observed here (0.72 to 
2.16 mg. per cent) with the PMA reagent or by Quaife et al. (6) with the 
ferric chloride-dipyridy] reagent (0.8 to 1.2 mg. per cent). Perhaps this is 
areflection of inadequate dietary supplies of vitamin E in the subjects used. 

The capable assistance of Mary P. Kane is acknowledged. 


SUMMARY 


1. A sensitive micromethod in which phosphomolybdic acid was used 
was developed for the estimation of tocopherols. 

2. The procedure was found to be relatively specific except for vitamin 
| A substances. Characteristic rates of color development were observed 
for the various tocopherols. 

3. Application to tissue tocopherol measurements was made, and the 
limitations of the method were evaluated. 
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ons 


4. The reagent can be used to detect minute quantities of tocopherol on 
paper chromatograms. ‘The nature of the colored product was discussed. 
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SYNTHESIS OF LANOSTEROL IN VIVO* 


By PETER B. SCHNEIDER, R. B. CLAYTON, anp KONRAD BLOCH 


(From the Converse Memorial Chemical Laboratory, Harvard University, 
Cambridge, Massachusetts) 


(Received for publication, June 14, 1956) 


Lanosterol and related C39 sterols occur in considerable quantity in wool 
iat but have not so far been isolated from the principal sites of sterol bio- 
genesis in the animal body. Evidence for the presence of this type of sterol 
in internal organs does, however, exist, since the formation of lanosterol 
fom acetate and its conversion to cholesterol in homogenates of rat liver 
have recently been demonstrated (1-3). If, as appears likely, the con- 
centration of lanosterol in the tissues is small, and if, in the biosynthesis 
of cholesterol, lanosterol is an obligatory intermediate, its rate of turnover 
should be relatively fast. This expectation has been borne out by the pres- 
ent experiments. Acetate-C' was injected into rats and the animals were 
killed 10 minutes later. Under these conditions, lanosterol and also squal- 
ene contribute significantly to the radioactivity of the unsaponifiable frac- 
tion of intestinal tissue and of liver. On the other hand, at longer time in- 
tervals after a single injection of acetate, the radioactivities of lanosterol 
and of squalene account for less than 2 per cent of the C content of this 
fraction. The present experiments have also revealed at least one new 
constituent in the unsaponifiable matter which is an intermediate in the 
demethylation of lanosterol to cholesterol. 


EXPERIMENTAL 


Male rats, weighing approximately 100 gm., received by intraperitoneal 
injection 1 ml. of a 0.1 m solution of sodium acetate-1-C" in the quantities 
indicated in Table III. The animals were killed by decapitation 10 min- 
utes later and, in one case, 75 minutes later. The intestines were opened 
longitudinally and cleaned of their contents under running water. For 
digestion, the tissues were placed in a solution containing 50 per cent ethanol 
by volume and 15 per cent KOH and heated under reflux for 1 hour. The 
non-saponifiable matter was extracted by three portions of Skellysolve B. 
The combined extracts were washed three times with water and dried over 
anhydrous Na.SO4. 

Chromatography on Active Alumina—The Skellysolve extracts were re- 
duced to a small volume and placed on a column containing 5 gm. of alumi- 


hs Supported by grants-in-aid from the Division of Research Grants and Fellow- 
ships of the United States Public Health Service. 
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num oxide (Merck, suitable for chromatography) for every 100 mg. of non- 
saponifiable material. 100 ml. each of petroleum ether (b.p. 60-68?) 
benzene, and ether were passed successively through the column and the 
three fractions were collected separately. The radioactive constituent in 
the petroleum ether eluate was identified as squalene by addition of 
carrier and subsequent preparation of squalene hexahydrochloride (4): 
The squalene from Experiment 3, Table III, gave after dilution 23.1 ¢.p.m. 
per mg. and the hexahydrochloride derivative prepared from it, 24.2 ¢.p.m, 
per mg. Another aliquot was crystallized as the thiourea addition product 
(5), and the regenerated hydrocarbon was analyzed. It had 22.6 ¢.p.m. per 
mg. as an infinitely thick sample of BaCO;. The benzene eluate from the 
above column was not further investigated. 


TABLE I 


Chromatography of Sterols from Rat Intestine (Experiment 8, 
Table III, 33.6 Mg.) on Deactivated Alumina 


Total activity 0.95 X 10° ¢.p.m. 


Fraction No. Solvent Volume | Weight | Total activity pe = mm 
ml. mg. C.p.m. C.p.m. per mg. 
II Benzene-Skellysolve, 1:10 200 1 186 ,000 186 ,000 
III 1:10 160 31 180,000 5,600 
IV ey 1:4 40 437 
V Ether 60 25,000 
VI Methanol-ether, 1:4 40 4,000 


With active alumina as adsorbent, lanosterol, cholesterol, and compounds 
with intermediate polarities pass into the ether eluates. 

Chromatography on Deactivated Alumina—The components of the ether 
fraction were further separated by chromatography with a 300-fold excess 
of acetic acid-deactivated alumina. This adsorbent was prepared by shak- 
ing a suspension of alumina (Merck grade II, 100 parts) in Skellysolve with 
a solution of 10 per cent aqueous acetic acid (7 parts) for 6 hours. After 
filtration, the alumina was dried in air. The results of a typical chromato- 
gram are given in Table I. From previous experience Fraction II was 
suspected to contain the C39 sterols which separate well from cholesterol (2). 
To an aliquot of this fraction (31,000 c.p.m.) 44 mg. of non-isotopic lanos- 
terol were added to give material having 774 c.p.m. per mg. After nine 
recrystallizations from methanol-dichloromethane, the specific activity of 
the crystals remained constant at 220 ¢.p.m. per mg., indicating a lanos- 
terol content of 27 per cent. Cholesterol (Fraction III) and the more 
polar materials were not further investigated. 


1 Experiments carried out by Dr. T. T. Tchen. 
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Chemical Characterization of Lanosterol—An aliquot of Fraction II was 
diluted with carrier lanosterol to a specific activity of 1240, and the mixture 
was converted to 38-acetoxylanost-8-ene-24 ,25-diol by treatment with 
osmium tetroxide (6). The product was recrystallized from aqueous eth- 
anol seven times. The specific activity of the crystals and of the mother 
liquor was then identical. The final value was 435 c.p.m. per mg. or 32 
per cent of the original. 

Another aliquot of Fraction II was diluted with 180 mg. of lanosterol to 
aspecific activity of 140, and the mixture was hydrogenated in the presence 
of platinum catalyst to saturate the 24,25 double bond. The reduced prod- 
uct was treated with PCl;, and the resulting isolanost-8-ene (7) was isolated 
from the reaction mixture by alumina chromatography. The hydrocarbon 
fraction (162 mg.) was recrystallized from methanol-dichloromethane to 


TABLE II 


Changes in Specific Activity of Fraction II (Experiment 3, Table III) on 
Recrystallization and Conversion to Lanosterol Derivatives 


Specific activity 
Initial Final cont, 
C.p.m. permg.| c.p.m. per mg. 
Jreerystallizations with carrier lanosterol....... 774 220 27 
38-Acetoxylanost-8-ene-24, 25-diol................ 1240 435 32 
38-Acetoxylanost-8-ene-7,11-dione............... 130 67 51 


constant specific activity. The final value was 46 c.p.m. per mg. or 33 per 
cent of the specific activity of the starting material. 

Another portion of Fraction II was catalytically reduced in the presence 
of carrier lanosterol, and the product was acetylated (206 mg., specific activ- 
ity 130 c.p.m. per mg.). After treatment with chromic acid-acetic acid at 
50°, 38-acetoxylanost-8-ene-7 , 11-dione was obtained in 25 per cent yield 
(8). Eight erystallizations from methanol-dichloromethane were neces- 
sary before the radioactivity reached a constant value at 67 c.p.m. per mg. 
or 51 per cent of that of the starting material. Table II summarizes the 
changes in specific activity on crystallization of Fraction II in the presence 
of carrier and after conversion into three typical derivatives of lanosterol. 
The degradation procedures used for identification do not distinguish be- 
tween lanosterol (A’-?4-lanostadienol) and agnosterol (A7:9:*4-lanostatrienol), 
and hence the radioactive fraction characterized here could well be a mix- 
ture of the two Czo sterols. Since in isolated liver at least agnosterol con- 
tributes little C'* to the radioactivity of the Czo sterol fraction (2), it appears 
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probable that in the injection experiments also lanosterol is the major 
radioactive component. 

Resolution of Lanosterol Fraction—Fraction II as obtained from chromat- 
ograms with deactivated alumina was partially resolved into two radioactive 
peaks by adsorption on a large excess (1000-fold) of deactivated alumina 
and gradient elution with 1 to 5 per cent benzene in Skellysolve B. For 
this separation, Fraction II from the liver non-saponifiable fraction of Ex- 
periment 3 (Table III) was used. It contained 113,000 c.p.m. in 1.6 mg, 
and was mixed with carrier lanosterol (5 mg.) for tracing purposes. The 
elution diagram (Fig. 1) showed two distinct peaks, the bulk of crystalline 
solid merging with the first of the two radioactive fractions (Fraction IIa). 
Column Fractions 1 to 44 were pooled, and an aliquot was recrystallized 
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FRACTION NO. 


Fig. 1. Alumina chromatography of Fraction II from non-saponifiable fraction 
of liver; gradient elution with 1 to 5 per cent benzene in Skellysolve B. 


after addition of more carrier lanosterol. Four crystallizations reduced 
the specific activity from 98 to a constant value of 77 c.p.m., showing that 
Fraction Ila contained 78 per cent of its radioactivity as lanosterol. Since 
Fraction Ila accounted for 45,500 c.p.m. or 40 per cent of the C" in Frac- 
tion II, a lanosterol content of 78 per cent corresponds to a value of (78 X 
40)/100 = 31 per cent of lanosterol in the unresolved Fraction II, in good 
agreement with the data in Table II. 

Fraction IIb (eluates 46 to 70) contained a total of 38,000 c.p.m. On 
crystallization with carrier the radioactivity separated from lanosterol. It 
was estimated that Fraction IIb contained less than 3 per cent of the C* 
in the form of lanosterol. From the shape of the elution curve it appears 
unlikely that Fraction IIb represents a single substance.? To test biolog- 
ical activity a portion of this material with a total activity of 4700 c.p.m. 


2 Recent experiments by F. Gautschi in this laboratory indicate that Fraction IIb 
consists of at least two components. 
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was suspended in 0.5 per cent serum albumin and incubated in air for 4 
hours at 37° with 3 ml. of a rat liver homogenate prepared according to 
Bucher (9). After saponification of the reaction mixture and chromatog- 
raphy of the unsaponifiable matter, 1510 c.p.m. or 32 per cent of the added 
radioactivity was recovered in the cholesterol fraction. Recrystallization 
and formation of the 5,6-dibromide failed to reduce the specific activity of 
the cholesterol. In the second test for conversion to cholesterol the ex- 
perimental conditions were the same, except that the tissue was homoge- 
nized in a Waring blendor and diphosphopyridine nucleotide and adenosine 
triphosphate were omitted from the incubation medium. This preparation 
catalyzes a conversion of squalene to roughly equal amounts of lanosterol 
and cholesterol and can be used to distinguish between intermediates which 
are precursors of both lanosterol and cholesterol, 2.e. lie on the pathway be- 
tween squalene and lanosterol, and later intermediates which are converted 
to cholesterol only and thus are by inference intermediates in the conversion 
of lanosterol to cholesterol. An aliquot of Fraction I[b containing 1600 
cp.m. was converted by this system to cholesterol in 30 per cent radio- 
chemical yield. The lanosterol fraction was essentially free of C". 


RESULTS AND DISCUSSION 


10 minutes after the injection of acetate-C™ into rats, the unsaponifiable 
fraction of liver is found to contain 0.3 to 0.5 per cent, and that of intestinal 
tissue 0.05 to 0.1 per cent of the C" administered (Table III). Under these 
conditions the unsaponifiable matter is separable by chromatography into 
at least five isotopically distinct fractions. The first of these appears to 
consist of hydrocarbons only, since the radioactivity is quantitatively ac- 
counted for by the C4 content of squalene. In the experiments of 10 min- 
utes duration, from 13 to 16 per cent of the total radioactivity in the un- 
saponifiable fraction of intestine and from 3 to 8 per cent of that in liver 
were shown to be due to squalene. When the animals were killed 75 min- 
utes after the acetate injection, the corresponding value for squalene in the 
intestines had already declined to 2 per cent. 

The quantity of C'* which emerges from active alumina columns with 
benzene was consistently small. A column fraction of the same polarity 
which is that of steroid monoketones has been obtained from incubations 
of liver homogenates in the presence of acetate-C™ (2). 

The sterol fraction consisted of at least two radioactive components be- 
sides cholesterol. C30 sterols were suspected to be present in the fractions 
less polar than cholesterol, since they were eluted from the column jointly 
with carrier lanosterol, well separated from cholesterol. Fraction II is not 
homogeneous and certainly contains at least one other component in addi- 


*T. T. Tchen and K. Bloch, unpublished experiments. 
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tion to lanosterol (Fig. 1). The content of C'*-lanosterol in this fraction 
was estimated to be 30 to 35 per cent from the decline of specific activity 
that occurred when an aliquot was crystallized to constant activity in the 
presence of carrier lanosterol. This estimate was confirmed when Frac- 
tion II was converted, after admixture of carrier to three typical derivatives 
of Janosterol: 36-acetoxylanost-8-ene-24 ,25-diol, 38-acetoxylanost-8-ene- 
7,11-dione, and the rearrangement product resulting from treatment of 
dihydrolanosterol with PCl;. The specific activities of the first two deriva- 
tives declined on repeated crystallization to about one-third of the initial 
value, while the conversion to the 7,11-diketo derivative reduced the spe- 
cific activity by 50 per cent only (Table II). It would appear that one of 
the unknown components of Fraction II forms the same or a related diketo 
compound not separable from the lanosterol derivative by crystallization 
or chromatography. 

Fraction II could be resolved into the two peaks shown in Fig. 1? by chro- 
matography on a large excess of deactivated alumina. The less polar of 
the two (Fraction Ila) is largely but not entirely lanosterol, since the spe- 
cific activity was reduced by another 20 per cent when an aliquot was crys- 
tallized in the presence of carrier. Attempts to separate by chromatog- 
raphy the material associated with lanosterol in Fraction Ila were not 
successful. 

The radioactive fraction (Fraction IIb), which is intermediate in polarity 
between lanosterol and cholesterol, is characterized so far only by its posi- 
tion on the chromatogram.? That it is a sterol (or sterol mixture) seems 
likely, since it is converted to cholesterol by liver homogenatesin high radio- 
chemical yield. On the other hand, Fraction IIb is not a precursor of lanos- 
terol, suggesting that it occupies a position intermediate between lanos- 
terol and cholesterol in the biogenetic sequence. The chromatographic 
and metabolic properties of Fraction IIb would fit those of a partially de- 
methylated lanosterol. 

The appearance in the course of the acetate-sterol conversion of non- 
saponifiable materials other than cholesterol with high specific activities 
was first observed by Schwenk and his collaborators (10-12). The present 
findings suggest that at least a portion of these “high counting” materials 
is identical with lanosterol and intermediates in the demethylation of lanos- 
terol to cholesterol. In the 10 minute experiments squalene, lanosterol, 
and lanosterol companions (Fraction IIb) account for approximately one- 
_ third of the radioactivity in the non-saponifiable fraction of intestine. 
_ Among the C'-containing materials which are eluted from the alumina 
columns with more polar solvents, one may expect to find additional prod- 
ucts of the oxidative demethylation of lanosterol (13). These fractions 
await further characterization. 
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The high concentrations of C™ in squalene, lanosterol, and Fraction IIb 
are not observed unless the animals are killed shortly after the injection of 
the labeled precursor. An hour later the radioactivities of the cholesterol 
precursors are found to have declined to little more than 1 per cent of the 
total, with cholestero! now furnishing the bulk of radioactive carbon in the 
unsaponifiable fraction. In liver, the accumulation of radioactive squalene 
and lanosterol is much less pronounced than in intestinal tissue, presumably 
because hepatic sterol synthesis is so rapid that at the chosen time interval, 
10 minutes after the injection of acetate, the specific activities of the inter- 
mediates have passed their peak values. The rate of turnover of squalene 
and lanosterol is thus considerably more rapid than that of cholesterol in 
accord with the sequence of reactions postulated for sterol biogenesis (3), 
Since the tissues under investigation contain cholesterol precursors only 


TABLE IV 
Specific Activities of Non-Saponifiable Fractions of Intestine after 
Injection of Acetate-C™ 


| 


C.p.m. per mg. C.p.m. per mg. 
Total non-saponifiable.......................... 520 1100 
Fraction II (lanosterol + Fraction IIb)......... 3700 1300 


in trace quantities,‘ their specific activities should at some point of time 
be high compared to that of cholesterol. These criteria for precursor-prod- 
uct relationships are met as shown by the specific activity data in Table IV. 

When the relative isotope concentrations of squalene and cholesterol 
formed from acetate in liver slices were compared, it was concluded that 
direct utilization of squalene for cholesterol synthesis was improbable (14). 
However, the present results, as well as those obtained with skin slices (15) 
and with perfused hog liver (16), clearly demonstrate that under a variety 
of experimental conditions squalene is synthesized at a sufficient rate to 
serve as a cholesterol precursor. The observations on lanosterol similarly 
indicate that C30 sterols are normal intermediates in cholesterol biogenesis. 


SUMMARY 
Acetate-C™ was injected into rats and the animals were killed 10 or 75 
minutes later. The unsaponifiable fractions of the intestines and of liver 


‘The content of squalene and lanosterol in mammalian liver and intestine is not 
known but cannot be more than 1 per cent of the total unsaponifiable, judging from 
the weights of the respective column fractions. 
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were analyzed by chromatography and found to contain squalene and lanos- 
terol of high specific activity. Under the same conditions the presence of 
an intermediate in the conversion of lanosterol to cholesterol can be demon- 


strated. 
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ISOLATION OF LANOSTEROL FROM “ISOCHOLESTEROL”* 


By J. D. JOHNSTON, F. GAUTSCHI, ann KONRAD BLOCH 


(From the Converse Memorial Chemical Laboratory, Harvard University, 
Cambridge, Massachusetts) 


(Received for publication, June 14, 1956) 


Lanosterol (A*.*4-lanostadien-38-ol) has recently been shown to be an 
intermediary product in the biological transformation of squalene to choles- 
terol (1,2). For the continuation of this work, pure lanosterol in relatively 
large quantities was required, and it therefore became necessary to develop 
a practical method for securing this hitherto very scarce material. The 
Cz sterol fraction of yeast contains lanosterol (kryptosterol) as the sole 
component (3), but ordinarily in concentrations too small for preparative 
purposes. The mixture of wool fat sterols known as ‘“‘isocholesterol” 
consisting of lanosterol, dihydrolanosterol, and, in smaller amounts, of the 
conjugated dienes agnosterol and dihydroagnosterol offers an abundant 
source of C39 sterols which, however, has proved difficult to resolve by 
crystallization or chromatography (4). Recently, the isolation of lanos- 
terol from ‘“‘isocholesterol”’ by way of the 24-bromo derivative has been 
reported (5). 

It was noted in this laboratory that treatment of lanosterol in ether with 
a concentrated solution of bromine in acetic acid as described by Dorée 
and Garratt (6) produces 24 ,25-dibromo-A®-lanosten-38-ol which precipi- 
tates quantitatively from solution. Likewise, on bromination of “isocholes- 
terol” under the same conditions the sparingly soluble lanosterol dibromide 
separated rather cleanly from the mixture. For purification, the product 
is acetylated with acetic anhydride and acetyl chloride and crystallized. 
Following debromination and saponification, pure lanosterol is obtained 
ina yield of approximately 35 to 40 per cent of the estimated lanosterol 
content of ‘‘isocholesterol.”’ The physical properties of the free sterol, 
of the acetate, and of the 3-ketone were identical with those reported in 
the literature for A*-*4-lanostadien-36-ol and its derivatives. The product 
contained less than 1 per cent conjugated dienes (agnosterol and dihydro- 
agnosterol) on the basis of ultraviolet measurements. Dihydrolanosterol 
acetate (38-acetoxy-A®-lanostene) may be isolated by acetylation and 
chromatography of the mother liquors obtained from the ‘‘isocholesterol’’ 
_bromination. Since agnosterol acetate can be separated from ‘“‘isocholes- 

terol” acetate by fractional crystallization (3, 2), and since dihydroagnos- 


* Supported by grants-in-aid from Eli Lilly and Company and from the Life In- 
surance Medical Research Fund. 
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terol is formed on catalytic hydrogenation of agnosterol, the four individual 
C30 sterols of wool fat have now become much more accessible. 

Chromatographic Separation of Constituents of ‘‘Isocholesterol’’—While 
the method described above is of value for the isolation of lanosterol on a 
preparative scale, it is not applicable to the separation of Co sterols and 
other structurally related sterols which are encountered in metabolic 
studies in quantities of a few mg. or less. Their identification has in the 
past required laborious chemical degradations (2). It has now been found 
possible to resolve at least partially mixtures of C30 sterols, such as “‘iso- 
cholesterol,’? by chromatography of the acetates on a large excess of 
alumina of defined activity. The procedure described below is suitable for 
separating lanosterol and dihydrolanosterol from each other on a small 
scale and in turn from the two dienes agnosterol and dihydroagnosterol 
which are minor components of “‘isocholesterol.’”’ The same procedure 
should be suitable for the isolation of pure agnosterol and dihydroagnos- 
terol, but this has not been so far attempted. For the purpose of assaying 
mixtures of unlabeled sterols in the microgram to mg. range it has been 
found convenient to employ C'‘-acetic anhydride for acetylation and to 
follow the separation of the acetates by C™ analysis. Because of its sensi- 
tivity, this method should prove of general value for the separation and 
identification of small amounts of alcohols. Attention may be called to 
the fact that the acetylation of mg. quantities of sterols proceeds with 
poor yields unless precautions are taken to exclude oxygen. 


EXPERIMENTAL 


3B-Acetoxy-24 ,25-dibromo-A®-lanostene—To 20 gm. of “‘isocholesterol” 
(purchased from van Schuppen and Zoon, Veenendaal, Holland) in 200 ml. 
of anhydrous ether, a solution of 5 gm. of bromine in 4 ml. of glacial acetic 
acid was added dropwise in the course of 10 minutes, the reaction flask 
being shaken vigorously. The solution with the separated solid was 
allowed to stand for 1 hour at room temperature before filtration. The 
solid dibromide was washed three times with 100 ml. of ether and air-dried 


ona porous plate. The pale yellow solid (12 gm.) was dissolved with warm- | 


ing in a mixture of 100 ml. of acetic anhydride and 100 ml. of benzene. 
After cooling, 5 ml. of acetyl chloride were added, and the solution was 
allowed to stand at room temperature for 24 hours. It was then poured 
into water, the mixture extracted with chloroform, and the residue obtained 
after evaporation of the solvent was recrystallized three times from acetone 
to yield plates of 36-acetoxy-24,25-dibromo-A®-lanostene (5.0 gm., mp. 
154-162°). Further recrystallization gave a product, m.p. 164-166°, 
[a], +17° (c, 0.7); reported m.p. 166—167°, [a], +32° 

1 It will be noted that the observed rotation value for the dibromide acetate is 
+17° instead of the +30° reported by Wieland et al. (3). However, when lanosteryl 
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calculated, C 61.12, H 8.32, Br 25.42; found, C 61.11, H 8.42, Br 24.62 per 
cent. 

The yield of lanosteryl acetate dibromide could be raised by chromatog- 
raphy of the combined acetone mother liquors on alumina (Merck, suitable 
for chromatographic analysis). 6 gm. of mother liquor material were 
dissolved in 500 ml. of petroleum ether (b.p. 30-60°) and placed on a 
column containing 200 gm. of alumina. The petroleum ether eluates 
yielded, on crystallization of the residue from ethyl acetate, prismatic 
needles (1.2 gm.) of 38-acetoxy-A*’-lanostene (dihydrolanosteryl acetate), 
m.p. 119-121°, [a], +57° (c, 1.2); reported m.p. 120-121°, [a], +58.5° 
(7). 10 per cent benzene-petroleum ether eluted material which, after 
crystallization from acetone, gave 2 gm. of 38-acetoxy-24,25-dibromo- 
A’-lanostene, m.p. 158-161°. 

dibromide acetate (5 gm., m.p. 
162°) in a mixture of 200 ml. of hot ethanol and 50 ml. of acetic acid was 
refluxed with activated zinc dust for 5 hours. The zinc (40 gm.) was added 
in 10 gm. portions during the first 3 hours. The filtered solution after evap- 
oration yielded flat needles of 38-acetoxy-A*‘-lanostadiene, first crop 2.3 
gm., m.p. 124-126°, second crop, 0.46 gm., m.p. 119-123°. Three recrys- 
tallizations of the first crop gave flat needles, m.p. 127—128°, [a], +64° 
(c, 1.1); reported m.p. 130—-131°, [a], +65° (7). A sample was mixed 
with lanosteryl acetate that had been prepared by acetylation of authentic 
lanosterol with C'*-acetic anhydride. The mixture had a calculated spe- 
cific activity of 313 ¢.p.m. per mg. The specific activity of the crystals 
and of the mother liquor material after one crystallization was 321 c.p.m. 


 permg. and 321 c.p.m. per mg., respectively, and after a second recrystal- 


lization 316 ¢c.p.m. per mg. and 296 c.p.m. per mg., indicating homoge- 
neity of the lanosteryl acetate. 

A’.*4. Lanostadien-3-ol—2.3 gm. of the acetate (m.p. 124-126°) were 
heated under reflux in 3 per cent aqueous methanolic potassium hydroxide 
for 3 hours and worked up in the usual manner. Crystallization from 
methanol-ether gave 1.7 gm. of lanosterol, m.p. 137-139°. After two 
further recrystallizations the product had a melting point of 139-140°, 
[a], +62° (c, 0.95); reported m.p. 138-139°, [a], +62° (7). Light absorp- 
tion at 244 my indicated the presence of less than 1 per cent conjugated 
dienes. The infrared spectrum was identical with that of a lanosterol 
sample isolated from yeast. 

A®.*4_ Lanostadien-3-one—300 mg. of lanosterol prepared as above (m.p. 
139-140°) were converted to the 3-ketone as described by Ruzicka et al. 
(7). The product was triturated with hot Skellysolve B and crystallized 
from methanol several times to yield A*-*4-lanostadien-3-one, m.p. 87-89°, 


acetate prepared by the above procedure is brominated according to the method of 
Wieland et al., the reported value of +30° is reproduced. 
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[a], +82° (c, 0.4); reported m.p. 82-82.5°, [a], +82° (7); also, m.p. 88.5- |} col 
89.5° (6). The product showed the expected maximum at 5.89 yu in the | in 
infrared. inc 

(Dihydrolanosteryl Acetate)—The ether mother | 
liquors obtained from the bromination of 20 gm. of “‘isocholesterol” were | det 
evaporated and acetylated with acetic anhydride and acetyl chloride as | the 
described above. Chromatography of the acetylated material (12 gm.) on | 
alumina yielded in the petroleum ether eluates 5.5 gm. of a gum which | chi 
crystallized from methanol-ethyl acetate to give 1.6 gm. of dihydrolanos- | thé 
teryl acetate, m.p. 119-121°. eth 

Separation of Lanosterol and Dihydrolanosterol by Alumina Chromatog- 
raphy—For acetylation on a microscale (a few mg. or less) the sterol or 
sterol mixture is transferred in petroleum ether solution to a small glass- 
stoppered tube and the solvent removed by a stream of nitrogen. The C™. 
acetic anhydride is prepared by reacting acetyl chloride with sodium 
acetate-C™ and distilling the product. 0.1 ml. each of acetic anhydride 
and pyridine is added and the mixture is allowed to react under nitrogen 
at room temperature for 12 hours. The mixture is added dropwise to a 
few ml. of ice water, and an equal volume of petroleum ether is added. 
The mixture is shaken and allowed to stand in a separatory funnel for 30 
minutes. The product is worked up in the usual manner by washing of the 
petroleum ether solution with diluted HCl, bicarbonate, and water and 
drying over anhydrous NaSO,. Failure to observe the precautions 
indicated above drastically lowers the yield of acetylated product, ap- 
parently because of oxidation of the sterols, as indicated by the presence 
of highly polar materials on the chromatograms. Ey 

20 mg. of unlabeled “‘isocholesteryl” acetate and 0.5 mg. of radioactive | 4¢ 
‘“‘isocholesteryl”’ acetate prepared as described above, having a total | 
activity of 40,000 c.p.m., were dissolved in Skellysolve B and placed ona 
column of 40 gm. of neutral alumina (Woelm, activity II). The solvents | ace 
for elution were Skellysolve B (Fractions 1 to 76), 5 per cent benzene- chr 
Skellysolve B (Fractions 77 to 134), 10 per cent benzene-Skellysolve B f 
(Fractions 135 to 150), and 20 per cent benzene-SkellysolveB. The volume lan 
of each fraction was 8.5 ml., 1 ml. of which was transferred to planchets __ by 
for C“ assay. Curve 1 in Fig. 1 shows the elution diagram obtained by wit 
plotting fraction number against counts per minute of C™. Fractions on 
80 to 105 were combined and twice recrystallized from Skellysolve-ethanol, | gra 
m.p. 116-116.5°. The less polar fraction, therefore, contains the dihydro- __ tio 
lanosteryl acetate (reported m.p. 121°, corrected (7)). The material from | me 
the combined Fractions 110 to 128, after two recrystallizations from ' 
Skellysolve-ethanol, melted at 127—127.5° and therefore consisted of lanos- 
teryl acetate (reported m.p. 130—-131°, corrected (7)). The radioactivities f 
resolved in the two peaks were 16,500 and 17,400 c.p.m., respectively, 
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corresponding to 41 per cent dihydrolanosterol and 44 per cent lanosterol 
in the ‘‘isocholesterol.”? The crystalline lanosteryl acetate had €244 of 340, 
indicating the presence of no more than 2 per cent of conjugated dienes 
(agnosterol or dihydroagnosterol). Significant absorption at 244 my was 
detectable only in Fractions 140 and beyond. The A’*"” Cy sterols 
therefore separate well from the C39 sterols, having one double bond only 
in the polycyclic ring system. A similar elution diagram was obtained on 
chromatography of 0.5 mg. of isocholesteryl acetate. In this experiment 
the separated lanosteryl acetate fraction was hydrogenated with Pt in 
ethyl acetate. After recombination with the separated dihydrolanostery] 


70 80 90 100 110 120 130 140 
FRACTION NO. 
Fic. 1. Chromatographic separation of dihydrolanosteryl acetate and lanosteryl 


acetate on active alumina. Curve 1, 20.5 mg. of ‘‘isocholesteryl” acetate on 40 gm. 


of alumina (Woelm, activity I1). Curve 2, mixture of 10 mg. of dihydrolanosteryl 
acetate and 10 mg. of lanosteryl acetate. 


acetate, only a single peak of dihydrolanosteryl acetate was obtained on 
chromatography. 

Separation of Authentic Lanosterol and Dihydrolanosterol—10 mg. of 
lanosterol isolated from yeast and 10 mg. of dihydrolanosterol prepared 
by hydrogenation of the same yeast lanosterol were mixed and acetylated 
with C'-acetic anhydride. The mixture of acetates was chromatographed 
on Woelm alumina grade II exactly as described above. The elution dia- 
gram is shown in Curve 2, Fig. 1. The material from the combined Frac- 
tions 80 to 105 melted at 116.5-117° and that from Fractions 115 to 135 
melted at 127.5-128°. 


SUMMARY 


A method is described for the separation of lanosterol from the Cs 
sterol mixture of “‘isocholesterol” in the form of the sparingly soluble 
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lanosterol dibromide. Acetylation, debromination, and saponification 
yield pure lanosterol. Small quantities of the structurally related C,, 
sterols of wool fat can be separated by alumina chromatography of the 
acetates. 


Addendum—After this paper was submitted, a similar method for the prepara- 
tion of lanosterol from “isocholesterol” appeared (8). 
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METABOLISM OF A*t-ANDROSTENE-36,178-DIOL AND 
At-AN DROSTENE-3a,178-DIOL IN VITRO* 


By FRANK UNGAR, MARCEL GUT, anp RALPH I. DORFMAN 


(From the Worcester Foundation for Experimental Biology, 
Shrewsbury, Massachusetts) 


(Received for publication, May 10, 1956) 


Several schemes proposed for the catabolism of testosterone in vivo 
involve variations in the sequence of reduction of the C4.,; double bond and 
the carbonyl at C3, and oxidation at Cy. The sequence involving the 
initial oxidation of the 178-hydroxy group, followed by the reduction of 
the double bond and the 3-ketone to give androsterone and etiocholanolone, 
has received some verification and has been adequately reviewed (1, 2). 
However, little evidence of a direct nature has been presented to include 
or exclude other possible metabolic pathways. For example, a second 
scheme would involve the primary reduction of the 3-carbonyl group of 
testosterone to give A‘-androstene-3a,178-diol and A*-androstene-38 , 178- 
diol with subsequent reduction of the double bond and oxidation at Cy. 
The relative importance of this pathway could be assessed by investigating 
the formation of the products of these steroids obtained by in vitro and 
in vivo techniques. 

A‘-Androstene-38 ,178-diol! and A‘-androstene-3a,178-diol, and the two 
corresponding 4-C'4-labeled compounds, were synthesized and incubated 
with liver tissue. The major products of the incubation were quantita- 
tively estimated following paper chromatography by colorimetric and 
spectrophotometric assay and by the determination of the radioactive 


content in the constituents. The results indicate that the two diols are 


not in the direct pathway of testosterone catabolism. 


Methods 


Synthesis of A‘t-Androstene-38 ,17B-diol and A‘-Androstene-3a , 17B-diol— 
Testosterone and testosterone-4-C™ (30 ue. per mmole), prepared accord- 
ing to the method of Fujimoto (3), were reduced with sodium boron hydride 


* Presented at the meeting of the Federation of American Societies for Experi- 
mental Biology, San Francisco, California, April, 1955. 

This investigation was supported (in part) by contract No. AT (30-1)-918, United 
States Atomic Energy Commission, and research grant No. C-321, Division of Re- 
search Grants, National Institutes of Health, United States Public Health Service. 

'The following abbreviations will be used: 38-A‘-diol, At-androstene-38,178-diol; 
3a-A‘-diol, A‘-androstene-3a,178-diol; DPN, diphosphopyridine nucleotide; DNPH, 
2,4-dinitrophenylhydrazine. 
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in methanol. Water was added to the reaction mixture, the methanol 
was evaporated in vacuo, and the resulting crystalline mixture was collected 
on a filter. Chromatography on silica gel resulted in the elution of the 
38 isomer with a mixture of benzene-chloroform (3:1), and the 3a isomer 
was eluted with a benzene-chloroform (1:1) mixture. The ratio of 38 to 
3a isomers obtained was approximately 7:1. A*-Androstene-38, 17-diol 
melted at 163-165°, [a]? +47° + 2° (C = 1.linethanol). The melting 
point of A‘-androstene-3a,178-diol varied from 224—239° to 237-—252°, but 
the infrared spectra were identical for the various samples. The optical 
rotation of this relatively insoluble isomer was [a]? +147° + 5° (C = 05 
in ethanol). Butenandt and Heusner (4) reported the physical constants 
for the 38 isomer, m.p. 153-154°, [a]!® +48.52° (ethanol), and for the 
3a isomer, m.p. 197-200°, +187.5 (pyridine). 

Trichloroacetic Acid Reagent—A concentrated solution of trichloroacetic 
acid (U. 8S. P. crystals) in chloroform (4) reacted with both the 3a-A‘-diol 
and the 36-A‘-diol to give an intense red color on the developed paper 
chromatograms. Substituting methylene dichloride for chloroform re- 
sulted in a color stable enough for colorimetric analysis. ‘To the dried 
sample of steroid (10 to 100 y) inthe bottom of a No. 310 Coleman tube was 
added 0.2 ml. of a saturated solution of trichloroacetic acid in methylene 
dichloride. An intense red color was allowed to develop at room tempera- 
ture for 10 minutes. Methylene dichloride was added to a final volume of 
1.6 ml. and the color was read immediately at 520 my. Although the 
absorption of the developed color did not follow Beer’s law, the quantity 
of A‘-3-hydroxysteroid could be estimated by comparison with a set of 
standard solutions. Only steroids containing the A‘-3-hydroxy or A*-*-diene 
grouping have given a positive color. Most solvents, including water and 
alcohol, completely inhibit the color development. 

Counting of Radioactivity—The developed chromatographic zones con- 
taining the radioactive steroids were eluted with a known volume of 
methanol, and aliquots equal to approximately 0.1 mg. were plated on 
aluminum planchets (31 mm. in diameter). A gas flow counter with a 
Tracerlab 64 scaler was employed for counting radioactive samples. 

Identification of Steroids—Individual paper chromatographic zones were 
pooled and purified further by silica gel chromatography and crystalliza- 
tion. The steroids were identified by melting point of mixtures with 
authentic samples on a Fisher melting point apparatus and by infrared 
analysis with a Perkin-Elmer model C instrument. 

Incubation of Steroids—Tissue supernatant and residue fractions were 
prepared from an acetone powder of rat and chick liver (5). The acetone 
powder was suspended in 0.1 m phosphate buffer, pH 7.4, and centrifuged 
at 5000 X g. The resulting supernatant solution was used directly for 
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incubation, and the insoluble residue was washed with distilled water three 
times before being used. The supernatant preparations contained 0.5 
gm. of tissue wet weight per ml. A tissue to steroid ratio of 1000:1 was 
used, and the steroid substrate was added as a suspension containing 5 mg. 
per 0.1 ml. of ethanol-propylene glycol (1:1). A Krebs-Ringer solution 
and 0.002 m diphosphopyridine nucleotide were added to the tissue prep- 
aration prior to incubation. In the timed reactions, equal aliquots were 
removed at 5, 15, 30, 60, and 90 minutes. In some cases, the reaction for 
each period was carried out in separate flasks. 


Fig. 1. Paper chromatography of chick liver extracts following the incubation of 
3a- and 38-A‘-diols. A, four major zones (I to IV) appeared after development in 
ligroin-propylene glycol for 18 hours. The standards shown are (1) A‘-androstene- 
38,178-diol, (2) testosterone, (3) epiandrosterone, (4) A‘-androstene-3,17-dione. 
B, chromatography of Zone II in ligroin-propylene glycol for 48 hours to give (Com-. 
ponent II) testosterone, (Component Ila) epitestosterone, (Components b and c) 
pigmented zones. 


Following incubation in air at 38°, the reaction was stopped by dilution 
with water and the addition of ethyl acetate. The mixture was extracted 
three times with 4 volumes of ethyl acetate. The ethyl acetate extract 
was washed with water, treated with Na2SO,, and taken to dryness. The 
residue was then chromatographed in ligroin-propylene glycol (6) for 18 
to 48 hours. ° 


Results 


Identification of Products—The 18 hour chromatograms of the incubation 
mixture were essentially the same for both the 3a- and 38-A‘-diols. Four 
major zones were seen in each case (Fig. 1). Zone I remained at the 
origin and gave an intense red color with trichloroacetic acid, characteristic 
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for the A‘-3-hydroxysteroids. It did not absorb in the ultraviolet light 
and gave no color with the Zimmermann or 2,4-dinitrophenylhydra- 
zine reagents. The pooled materials from Zone I obtained with each com- 
pound were crystallized to give the respective 3a- and 38-A‘-diols. 

Zone II strongly absorbed in the ultraviolet light, maximum 240 my, 
gave an orange color with DNPH, and a blue color with the Zimmermann 
reagent. Its migration rate corresponded to that of testosterone and 
remained as a homogeneous spot when mixed and chromatographed with 
testosterone. A second component (No. IIa) separated from the testos- 
terone zone when the zones were chromatographed for 48 hours in ligroin 
system (Fig. 1, B). <A crystalline sample, m.p. 153-154°, was obtained 
from the pooled Zone II, which gave an infrared spectrum identical to 
that of authentic testosterone. Zone Ila from several chromatograms 
was pooled to give a crystalline product, m.p. 210—214°, which was identical 
to an authentic sample of A‘-androsten-17a-ol-3-one (epitestosterone) by 
infrared analysis. 

Zone III did not absorb in the ultraviolet region and gave no color with 
DNPH. The reaction of this zone with the Zimmermann reagent and its 
mobility on paper suggested a mixture of ring A-reduced ketosteroids. 
The amounts formed were small (1 to 3 per cent), and the components were 
not further identified. 

Zone IV absorbed in ultraviolet light, maximum 240 muy, gave an orange 
color with DNPH, and a purple color with the Zimmermann reagent. Its 
migration rate corresponded to that of A‘-androstene-3 ,17-dione and re- 
mained as a homogeneous spot when mixed and chromatographed with 
A‘-androstene-3 ,17-dione. A crystalline sample of A‘-androstene-3,17- 
dione, m.p. 172—174°, was obtained from the pooled Zone IV, which was 
identified by melting point and infrared analysis. 

Rate of Formation of Products—The oxidation of the A‘-3-hydroxyl] to 
the A‘-3-ketone was observed in both chick and rat liver supernatant fluids. 
The washed residue fractions centrifuged at 5000 X g were also capable 
of the oxidation, the activity amounting to 30 per cent of the supernatant 
fluids. The addition of DPN enhanced the activity in all cases, and the 
reaction proceeded as well under nitrogen as in air. No conversions were 
detected in boiled tissue preparations or following aeration of a solution 
of steroid in phosphate buffer, pH 7.4. 

The Zimmermann reaction and ultraviolet absorption at 240 my were 
used to estimate the amounts of product formed in the first set of experi- 
ments. Aliquots of the incubation were chromatographed on ruled paper 
and quantitatively eluted for assay. The progress of the reaction over & 
60 minute period is shown in Fig. 2. There was a rapid decrease in start- 
ing material, A‘-androstene-3a,178-diol (Curve I) concomitant with the 
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immediate rise in A‘-3-Kxeto-containing compounds as measured by ultra- 
violet absorption at 240 my (Curve V). The oxidation products consisted 
of testosterone and epitestosterone (Curve II) and A‘-androstene-3, 17- 
dione (Curve IV). Only trace amounts of ring A-reduced ketosteroids 
(Curve III) were formed in the reaction. 


CON VERSION 


PER CENT 


5 15 30 60 
MINUTES 
Fic. 2. Incubation of A‘-androstene-3a,178-diol with the supernatant fluid of 
chick liver acetone powder. The incubations were carried out in air at 38° in 125 
ml. Erlenmeyer flasks. Duplicate aliquots of 5 mg. of steroid were removed at 5, 
15, 30, and 60 minutes from four flasks containing 10 mg. each of steroid in [1 ml. of 
phosphate-saline buffer, pH 7.4, with 5 gm. equivalent of liver and 0.002 m DPN. 
The eluted zones developed in ligroin-propylene glycol for 18 hours gave (Curve I) 
A‘-androstene-3a,178-diol, measured by the trichloroacetic acid reagent; (Curve II) 
Zone II, containing testosterone and epitestosterone, measured by absorption at 
240 mu; (Curve III) Zone III, containing reduced ketosteroids, as measured by the 
Zimmermann reaction; (Curve IV) A‘-androstene-3, 17-dione, measured by absorption 
at 240 mu; (Curve V) the total absorption at 240 my prior to paper chromatography. 


To form a more accurate picture of the reaction in vitro, 4-C'*-labeled 
da- and 36-A‘-diols were incubated with the supernatant fraction of chick 
liver acetone powder, and the radioactivity in the resulting chromato- 
graphic zones was determined. It is apparent from Figs. 3 and 4 that the 
initial reaction is an oxidation of the A‘-3-hydroxyl to the A‘-3-ketone to 
form testosterone (Curve II). The oxidation of the 178-hydroxy grouping 
to the 17-ketone to form A‘-androstene-3 ,17-dione (Curve IV) shows an 
initial lag period, followed by a rapid and continued increase as the testos- 
terone concentration reaches a maximum and then gradually declines. 
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The concentration of epitestosterone contained in Zone II increased during 
the course of the reaction from a level of 1 per cent at 30 minutes to 10 
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25 15 30 60 
MINUTES 


30 
MINUTES 
Fig. 3 4 
Fic. 3. Incubation of A‘-androstene-38, 178-diol-4-C™ with supernatant fluid of 
chick liver acetone powder. A‘-Androstene-38,178-diol-4-C™ (7.2 & 10‘ counts) in 
5.25 mg. of carrier was incubated with 2 gm. of acetone powder in 10 ml. of phosphate- 
saline buffer, pH 7.4, and 0.003 m DPN. Aliquots were removed at 2, 5, 15, 30, 60, 
and 90 minutes, and 100 7 amounts of carrier testosterone, A‘-androstene-3, 17-dione, 
and epiandrosterone were added prior to chromatography. The eluted zones de- 
veloped in ligroin-propylene glycol for 18 hours gave (Curve I) A‘-androstene-3§, 176- 
diol; (Curve II) Zone II, containing testosterone and epitestosterone; (Curve III) 
Zone III, containing reduced ketosteroids; (Curve IV) A‘-androstene-3, 17-dione. 
Fic. 4. Incubation of A‘-androstene-3a,17@-diol-4-C' with supernatant fluid of 
chick liver acetone powder. A‘-Androstene-3a,178-diol-4-C™ (7.2 X 10‘ counts) in 
5.21 mg. of carrier was incubated with 2 gm. of acetone powder extract in 10 ml. of 
phosphate-saline buffer, pH 7.4, and 0.003 m DPN. Aliquots were removed at 2, 5, 
15, 30, 60, and 90 minutes and 100 y amounts of carrier testosterone, A‘-androstene- 
3,17-dione, and epiandrosterone were added prior to chromatography. The eluted 
zones developed in ligroin-propylene glycol for 18 hours gave (Curve I) A‘-androstene- 
3a, 178-diol; (Curve II) Zone II, containing testosterone and epitestosterone; (Curve 
III) Zone III, containing reduced ketosteroids; (Curve IV) A‘-androstene-3, 17-dione. 


to 12 per cent at incubation for 90 minutes. The increase in this com- 
ponent, especially after the 30 minute period, tends to keep the apparent 
testosterone curve at a higher level, since the 17a-hydroxy grouping is not 
oxidized as readily to the 17-ketone as is the case with testosterone (7). 

Total recovery of starting material and products was found to decrease 
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with time. Part of this loss may be due to adsorption on the protein. In 
addition, preliminary evidence indicated that conjugation of steroid was 
occurring, since the aqueous residue contained steroid, part of which could 
be liberated by hydrolysis with 8-glucuronidase. The total recoveries 
obtained from the incubations with the 3a-A‘-diol were consistently lower 
(15 to 25 per cent) than those with the 38 isomer. Owing to the extreme 
insolubility of the 3a isomer, it was added as a suspension in methanol and 
propylene glycol rather than in solution. 


é MnO, OXID. OF A*- DIOL ZONE 
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Fic. 5. Oxidation of A‘-3-hydroxysteroids to A‘-3-ketones with manganese dioxide. 
The 3a- and 38-A‘-diols were incubated for 2, 5, 15, 30, 60, and 90 minutes, and the 
extracts were chromatographed for 18 hours in ligroin-propylene glycol. The radio- 
activity in per cent of total added, from the eluate of the chromatographic zone 
containing the A‘-3-hydroxysteroids, is denoted by a solid line. The eluted material 
was dissolved in 1 ml. of CHCl]; and shaken overnight with MnO,. The formation 
of A‘-3-ketone, measured by absorption at 240 my, is denoted in per cent of total 
starting material by the dotted line. 


If any ring A-saturated androstanediol or etiocholanediol were formed, 
it would remain at the origin with the A‘-diol starting material, following 
paper chromatography in the ligroin system for 18 hours. Oxidation of 
this zone with MnO, (8) would convert the A‘-3-hydroxyl to the A‘-3- 
ketone grouping, leaving the ring A-saturated diols unchanged. The 3a- 
and 38-A‘-diol-4-C™ were incubated for various periods of time and the 
respective A‘-diol zones (Zone I) were eluted following paper chromatog- 
raphy, as described in previous sections. The total C™ activity found in 
Zone I, expressed as per cent of starting material, was then compared 
with the amount of A‘-3-ketone produced by MnO, oxidation as measured 
by absorption at 240 mu. ‘The results in two such experiments (Fig. 5) 
indicate that, within the limits of error of the procedure, all the activity 
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found in Zone I could be accounted for as A‘-diol, and any ring A-saturated 
steroid, if formed, could be present only in minor amounts. 

To test the possibility of the reversibility of the reaction (testosterone 
reduction to A*-androstenediol) testosterone-4-C™% (1.7 X 10° counts) 
was incubated for 20 minutes under the identical conditions of previous 
incubations with and without the presence of 100 y of unlabeled A‘-andro- 
stene-38,178-diol. In the latter case no A‘-3-hydroxy compound could be 
detected on paper when the trichloroacetic acid reagent was used. In 
both cases, following the addition of carrier and repeated recrystallizations, 
the activity found in the diol zone could account for less than 0.01 per cent 
of that added as testosterone-4-C". 

The conversion of A5-38-hydroxysteroids to the A‘-3-ketone could con- 
ceivably occur via a A‘-3-hydroxy intermediate. Accordingly, two sets of 
experiments were performed with the trichloroacetic acid reagent as an 
indicator. A*-Androstene-38,178-diol was incubated with chick liver 
supernatant fluid, and the reaction mixture extract was chromatographed 
on paper. No A‘-3-hydroxyl grouping could be detected. A similar incu- 
bation with beef adrenal supernatant fluid demonstrated a conversion to a 
A‘-3-ketone, but no indication of a A‘-3-hydroxy intermediate was obtained. 


DISCUSSION 


The occurrence of 3a- or 38-A*-diol in natural sources has never been 
reported. However, as shown in this study, the two isomers are converted 
readily to testosterone by incubation with the supernatant fluid of rat or 
chick liver. A second metabolite, A‘-androstene-3 ,17-dione, formed rap- 
idly following an initial lag period. The rise and fall of the testosterone 
concentration with the subsequent rapid formation of the dione establish 
the sequence of events occurring in the liver preparation. In addition, 
epitestosterone was formed to a lesser extent, its concentration increasing 
to 10 to 12 per cent in 90 minutes. The equilibrium mixture of testos- 
terone, A‘-androstene-3 ,17-dione, and epitestosterone was demonstrated 
previously in rabbit liver by Kochakian and coworkers (9, 10). As in the 
earlier work, the preparations employed in this study formed only small 
amounts (1 to 3 per cent) of ring A-reduced ketosteroids. Since these 
same tissue preparations are highly active in reducing the ring A-saturated 
3-ketosteroids to the corresponding 3-hydroxy derivatives (5), the reduction 
of the double bond present in A‘-androstene-3 ,17-dione must have been 
limiting, and, in effect, inhibited the 3a- and 36-hydrogenase activities. 
Samuels and coworkers (11, 12) have demonstrated the necessity of citrate 
as well as DPN in rat and chick liver for the reduction of the A‘-3-ketone. 
Since citrate was not added in this series of experiments, the inability to 
reduce the A‘-3-keto double bond to a greater extent is not unexpected. 
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The possibility remains, of course, that conditions for reduction of the 
double bond of the A‘-3-hydroxyl group may not have been optimal. 

In addition to the failure to show reversibility of the reaction, A‘-3- 
hydroxyl to A‘-3-ketone, the sequence of events demonstrated by the 
reaction zn vitro indicates that the A‘-diols would bear a precursor relation- 
ship to testosterone rather than being on a reductive pathway in its catabo- 
lism. No information is available, however, to suggest that this form of 
steroid is actually involved in hormone metabolism. In any case, the 
reaction can be of value in providing a model system for the study of 
testosterone under conditions such that its “formation” and subsequent 
fate may be readily observed. The failure to detect the A‘-3-hydroxyl 
grouping as an intermediate in the conversion of the A®-36-hydroxy] to the 
A‘-3-ketone grouping argues against such a possibility, but more direct 
evidence is needed. The A®-3-ketone isomerase recently demonstrated in 
liver by Talalay and Wang (13) could provide an alternative mechanism 
for the formation of the A‘-3-ketone in the steroid hormones. 

Bioassay indicates that both the 3a-A‘-diol and the 36-A‘-diol have the 
same level of androgenic activity as found in testosterone.2? C'*-labeled 
androsterone and etiocholanolone have been isolated from human urine 
following the administration of the C'*-labeled 3a- and 38-A‘-diols.* These 
findings confirm the observed in vitro conversions of these compounds to 
testosterone by mammalian tissue. 


SUMMARY 


A‘-Androstene-38 , 17B-diol and A‘-androstene-3a, 178-diol were incubated 
with rat and chick liver preparations. The formation of products followed 
a sequence consisting of testosterone, A‘-androstene-3 ,17-dione, and epi- 
testosterone. Only trace amounts of ring A-reduced ketosteroids were 
formed. The nature of the reaction indicates that the A‘-diols would not 
be intermediates in the reductive pathway of testosterone catabolism. 
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VITAMIN D AND CITRATE OXIDATION* 


By HECTOR F. De LUCA, FREDRIK C. GRAN, ann HARRY STEENBOCK 


(From the Department of Biochemistry, College of Agriculture, 
University of Wisconsin, Madison, Wisconsin) 


(Received for publication, June 21, 1956) 


A relation between vitamin D and citrate metabolism has been clearly 
established by various investigators, the first of whom was Dickens (1), 
followed by Nicolaysen and Nordb¢g (2), Harrison and Harrison (3), Free- 
man and Chang (4), Waasj6 and Eeg-Larsen (5), and Carlsson and Hol- 
lunger (6). In this laboratory, interest in citrate metabolism was aroused 
by the finding of citrate lithiasis in rats on low P rachitogenic diets (7, 8). 
Subsequent investigations revealed that vitamin D increased not only the 
urinary excretion of citrate (9) but the citrate content of many tissues as 
well (10). Since these effects were found with a wide range of diets, we 
became interested in a possible role played by vitamin D in the Krebs 
citric acid cycle. 


EXPERIMENTAL 


30 day-old male rats of the Sprague-Dawley strain weighing 70 to 80 
gm. were used in all experiments. ‘They were housed in individual hanging 
screen-bottomed cages and given water and food ad libitum. The basal 
diet was composed of glucose (Cerelose), steamed egg albumin, cottonseed 
oil (Wesson), roughage, Ca- and P-free salts, and vitamins, as described 
by Bellin and Steenbock (9). The desired levels of Ca and P were at- 
tained, respectively, by addition of CaCO; or an equimolar mixture of 
Na2sHPO, and NaH2PO, at the expense of the glucose. With each of the 
diets used, the rats were divided into two groups, one of which was given 
a supplement of 75 i.u. of vitamin D per rat every 3 days. The vitamin 
D, when required by the experimental plan, was given orally as a solution 
of crystalline calciferol in 0.1 ml. of cottonseed oil (Wesson). After a 12 
to 15 day feeding period, the rats were stunned by a blow on the head and 
killed by decapitation. The tissues were removed immediately and chilled 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station, Madison, Wisconsin. A preliminary report of this work was pre- 
sented at the Forty-seventh meeting of the American Society of Biological Chemists, 
April 20, 1956 (Federation Proc., 15, 241 (1956)). We are indebted to the Wisconsin 
Alumni Research Foundation for funds which made this research possible. We wish 
to express our thanks to Pauline Noll Benton for analytical assistance, to Dr. R. H. 
Burris for a supply of d-isocitrate-y-lactone methyl ester, and to Merck and Com- 
pany, Inc., for the water-soluble vitamins used in the experiments. 
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in ice-cold isotonic KCl. They were quickly blotted on moist cheesecloth, 
weighed on a torsion balance, and homogenized in ice-cold isotonic KCl to 
yield a 10 per cent homogenate. The homogenates (0.3 ml.) were added 
to ice-cold incubation mixtures in Warburg flasks which contained 0.3 ml, 
of substrate, 0.4 ml. of 0.5 m KCl, 0.4 ml. of H,O, 0.4 ml. of 0.1 m K phos. 
phate (pH 7.0 to 7.2), 0.2 ml. of 4 X 10-4 m cytochrome c (Nutritional 
Biochemicals, Inc.), 0.3 ml. of 0.01 m K adenosine triphosphate (Pabst 
Laboratories), 0.1 ml. of 0.1 m MgCl, and 0.154 m KCl, to give a final 
volume of 3 ml. (11). Other additions, when indicated, were made at the 
expense of the HO. The gas phase was air and the center well contained 
0.2 ml. of 10 per cent KOH absorbed on filter paper. Oxygen uptake was 
measured after a 10 minute equilibration period at 37°. The resultant 
data are expressed as microliters of O2 uptake per hour per mg. of dry 
tissue or per mg. of tissue N. Dry tissue weight was arbitrarily taken as 
20 per cent of fresh tissue weight, while N was determined on the homog- 
enates by a slight modification of the method described by Johnson (12). 

Substrate concentrations were usually 0.005 mM, with the exception of 
citrate, d-isocitrate, and oxalacetate. Of these, the first two were used at 
a concentration of 0.015 m because of the aconitase equilibrium which 
favors citrate, while the oxalacetate was used at a concentration of 0.0033 
M, since it was used as a cosubstrate with 0.005 mM pyruvate. High con- 
centrations of oxalacetate were found inhibitory, as has been noted by 
others (13-15). 

When analyses of intermediates were desired at the conclusion of an in- 


cubation, the flasks were chilled on cracked ice and an aliquot was pipetted | 


into 5 ml. of ice-cold 17.5 per cent trichloroacetic acid solution. After 
centrifugation, citrate or keto acids were determined on the supernatant 
solution, respectively, by the methods of Speck, Moulder, and Evans (16) 
and Friedemann and Haugen (17). 

It should be noted that tissues from animals with urethral or kidney 
concretions were not used in our studies since the respiratory activity of 
the kidney homogenates in these cases deteriorated rapidly, probably be- 
cause of the presence of excessive quantities of Ca. 

The desired nutritive state of the animals was achieved as checked by 
the methods used by Steenbock and Herting (18). Diet 34-B (0.016 per 
cent Ca, 0.016 per cent P) and Diet 23 (0.47 per cent Ca, 0.016 per cent P) 
were strongly rachitogenic when fed for 10 days, while Diet 11 (0.47 per 
cent Ca, 0.3 per cent P) was non-rachitogenic and induced approximately 
normal skeletal development. 


Results 


In the first series of experiments, the effect of vitamin D on the oxidation 
of citrate by kidney homogenates was investigated, since Steenbock and 
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Bellin (10) found that its administration produced large increases in kidney 
citrate. The results (Table I), which clearly show that vitamin D sig- 
nificantly reduced the oxidation of citrate with a non-rachitogenic diet 
(Diet 11) as well as with a rachitogenic diet (Diet 23), are typical of those 
obtained consistently in many experiments. Although they were calcu- 
lated on an equivalent tissue nitrogen basis, their calculation in terms of 
tissue weight revealed the same effect. 


TaBLe I 


Oxidation of Citrate by Kidney Homogenates from Rats on Rachitogenic or 
Non-Rachitogenic Diet with and without Addition of Vitamin D 


a Incubation time 
Diet No. 30 min. 60 min. 
Qos (N) Qos (N) 
23 Rachitogenic, 0.47% Ca, 0.016% P 288 + 20.6 317 + 20.9 
Same + vitamin D* 220 + 21.2 238 + 31.5 
Decrease due to vitamin D,%................. 23 .6T 24.9T 
11 Non-rachitogenic, 0.47% Ca, 0.3% P 315 + 24.4 346 + 31.2 
Same + vitamin D* 240 + 13.6 263 + 21.2 
Decrease due to vitamin D,%................. 23.8f 24.0T 


The rats were kept on their respective diets from 12 to 15 days. There were ten 
rats in a group with Diet 23, and six rats in a group with Diet 11. The reaction 
mixture used was described in the text. The oxygen uptake is expressed as micro- 
liters of oxygen per mg. of nitrogen per hour. 

*75i.u. of vitamin D per 3 days per rat. 

t p <0.001. 


Our next approach was to study the effect of vitamin D on the oxidation 
of several Krebs cycle intermediates. Oxygen uptake was measured for 
30 minutes. With some of these, we studied the accumulation of citrate 
as well, with the results shown in Table II. Although the oxidation of 
citrate and d-isocitrate was reduced markedly by vitamin D, the oxidation 
of a-ketoglutarate, succinate, and fumarate was essentially unaffected. 
Little effect of vitamin D on the accumulation of citrate was noted with 
these latter intermediates. With pyruvate alone, vitamin D had no ef- 
fect on either oxygen uptake or citrate accumulation. However, it should 
be noted that, as Lehninger found in liver tissue (19), pyruvate in the 
absence of oxalacetate is converted to acetoacetate rather than to citrate. 
In agreement with this, only small amounts of citrate were found with 
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pyruvate, while large amounts were found with pyruvate plus oxalacetate. 
With the pyruvate-oxalacetate substrate, dietary vitamin D reduced oxy. 
gen uptake, but also increased the resulting accumulation of citrate. 


TaBLeE II 


Comparative Oxidation of Krebs Cycle Intermediates by Kidney Homogenates 
from Rats Which Had and Which Had Not Received Vitamin D 


Oxygen uptake Citrate accumulated 
Intermediates 
No D, | Plus D, INo vitamin Plus D, 
(32)* | 40.3 + 2.7 | 32.1 + 2.1 
d-Isocitrate........ (8) 44.2 + 1.6 | 37.1 + 2.8 
a-Ketoglutarate....; (20) | 68.6 + 4.3 | 66.3 44.1; 54 +412) 58 + 7 
Succinate.......... (16) | 57.2 +2.1/] 56.0 41.6)! 51 + 7! 55 + 9 
Fumarate.......... (28) | 43.0 + 2.1| 40.0 + 3.1! 62 + 6)! 62 + 4 
Pyruvate .......... (28) | 31.4 + 2.4) 31.0 +1.5' 28 + 4] 29 + 4 
+ oxal- 
| ee (28) | 69.64 + 2.7 | 61.17 + 4.0 | 6ISt + 15 | 676T + 32 


All the rats were fed the non-rachitogenic Diet 11 for 12 to 15 days. When in- 
dicated, 75 i.u. of vitamin D were given to each rat every 3 days. Incubations were 
continued for 30 minutes. O,2 uptake is given as microliters of O2 per hour per mg. 
of dry tissue. All substrates were supplied at 0.005 mM, except citrate (0.015 m), 
d-isocitrate (0.015 m), and oxalacetate (0.0033 m). 

* Number of rats in the experiment. 

Tt p <0.001. 


TABLE III 


Comparative a-Ketoglutarate Accumulation during Citrate Oxidation by Kidney 
Homogenates from Rats Which Had and Had Not Received Vitamin D 


Qo2z a-Ketoglutarate 

Neo vitamin D (O)*...... 45.6 + 3.4 72+ 9.0 
Plus vitamin D (9)................... 33.6 + 4.1 40 + 14.4 


The rats had been fed the non-rachitogenic Diet 11 for 12 to 15 days. When 
indicated, each rat had been given 75 i.u. of vitamin D every 3 days. The reaction 
mixture was described in the text. The incubations were continued for 60 minutes. 

* Number of rats in the experiment. 


The above results are consistent with the hypothesis that vitamin D 
diminishes the oxidation of citrate to a-ketoglutarate. Direct evidence 
for this was obtained when it was found experimentally that, with the 
reduction in oxygen uptake during citrate oxidation, the accumulation of 
a-ketoglutarate was smaller when vitamin D was given (Table III). 
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We made some determinations of the rate of oxidation of citrate and of 
pyruvate plus oxalacetate by liver homogenates obtained from rats which 


TaBLE IV 


Oxidation of Citrate and Pyruvate Plus Oxalacetate by Liver Homogenates 
of Rats with and without Vitamin D Additions to Diets 


Diet No. | Citrate, Qos (N) 
23 0.47% Ca, 0.016% P 170 + 13 
23 Plus vitamin D 180 + 5 
34-B 0.016% Ca, 0.016% P 174 + 15 
34-B Plus vitamin D 176 + 10 
11 0.47% Ca, 0.3% P 155+ 9 166 + 23 
11 Plus vitamin D 162 + 19 141 + 19 


The rats had been on their respective diets for 12 to 15 days. When indicated, 
each rat had been given 75i.u. of vitamin D every 3 days. The incubation mixture 
was essentially as already described, with the exception that the PO, buffer was re- 
duced to 0.2 ml. and cytochrome c to 0.1 ml. The reductions in volume were com- 
pensated for by the addition of water. Citrate concentration was reduced to 0.005 
mu. The data are expressed as microliters of O2 per hour per mg. of N. 


NO CALCIUM 


PLUS CALCIUM 


pL. OXYGEN 
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10° 1079 om. 
CALCIUM CONCENTRATION 
Fic. 1. The reduction of citrate oxidation by Ca. Kidney homogenate from a 
rat made rachitic on Diet 23 was used. The citrate concentration was 0.015 mM, and 
the incubation time 30 minutes. Additions of Ca were made at the expense of the 
H,0 in the incubation mixture described in the text. 


20 


had been fed three different diets. The results of these determinations 
(Table IV) show no consistent effect of vitamin D. This agrees with the 
finding of Steenbock and Bellin (10) that vitamin D does not increase 
the citrate content of liver tissue. 

The possible reason for the diminished citrate oxidation in kidney tissue 
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was studied next. Crystalline vitamin D was found ineffective when 
added in vitro to homogenates from rats which had not received vitamin 
D. Our attention then centered upon the possible effect of Ca, as vitamin 


TABLE V 
Calcium Content of 0.3 Ml. of 10 Per Cent Kidney Homogenate 
Diet No. No vitamin D Plus vitamin D* 
Y 
23 Rachitogenic 2.0 2.7 
11 Non-rachitogenic 1.8 2.3 


Kidneys from at least four rats were pooled for each determination. 
* 75 1.u. of vitamin D were given every 3 days to each rat. 
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Fia. 2. The effect of Ca addition on citrate oxidation by kidney homogenates 
from rachitic rats. The values plotted are averages obtained from six rats. The 
rachitogenic Diet 23 was fed for 12 to 15 days. The reaction mixture has already 
been described. The Ca content of the incubation mixtures is given in parentheses. 
X, no vitamin D, no added Ca; O, no vitamin D, plus 1.2 y of Ca; and A, plus vita- 
min D, no added Ca. 


D consistently increases serum Ca (18) and as Ca has long been known to 
decrease respiratory activity in homogenate systems (20). The addition 
of very small amounts of Ca as CaCl, was found to be definitely inhibitory 
(Fig. 1), which is in agreement with the results reported by Hartman and 
Kalnitsky (21). While an analysis of kidneys by the method of Wang 
(22), after digestion with nitric and perchloric acids, revealed that vitamin 
D definitely increased their Ca content (Table V), the addition of Ca as 
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CaCl. to ‘‘non-vitamin D” homogenates equivalent to twice this increase 
in Ca did not decrease the oxygen uptake to that of the ‘“‘vitamin D” con- 
trols (Fig. 2). Furthermore, the addition of Versene (ethylenediamine- 
tetraacetic acid) at a concentration of 2 * 10-5 m did not reduce the effect 
of vitamin D, but definitely reduced the inhibitory effect of added Ca 
(Table VI). Apparently the reduction in oxidation could not be attributed 
to the increase in Ca. Parenthetically it may be stated, also in agreement 
with results of Hartman and Kalnitsky (21), that the Mn added in our 
experiments as MnCl, prevented Ca inhibition; it had essentially the same 
effect as Versene. 


TaBLe VI 
Prevention of Cat* Inhibition in Kidney Homogenates by Versene 
Oxygen uptake 
Kidney tissue Additions 
No Versene pore: 
wh Os per ul. Os per 30 min. 
Plus vitamin D (8)............ 0 89 83 


The rachitogenic Diet 23 was used. When indicated, each rat received 75 i.u. 
of vitamin D every 3 days. Incubations were continued for 30 minutes. The com- 
position of the reaction mixture has been described in the text with citrate as the 
substrate. 

* Number of rats in the experiment. 


Our results on decreased citrate oxidation and decreased accumulation 
of a-ketoglutarate effected by kidney homogenates indicate that the ac- 
cumulation of citrate in tissues and the increase in urinary citrate excretion 
in rats fed vitamin D are caused by a decrease in citrate destruction. 


SUMMARY 


Addition of vitamin D to a non-rachitogenic as well as to a rachitogenic 
diet diminished the oxidation of citrate and reduced the resulting accumu- 
lation of a-ketoglutarate by rat kidney homogenates. By way of con- 
trast, vitamin D had little or no effect on the oxidation of certain inter- 
mediates of the Krebs citric acid cycle, viz. a-ketoglutarate, succinate, 
fumarate, and pyruvate, and likewise had little effect on the amount of 
citrate accumulated during these oxidations. However, it reduced the 
oxidation of pyruvate in the presence of oxalacetate but increased the re- 
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sulting accumulation of citrate. This is consistent with the finding that 


vitamin D decreased the conversion of citrate to a-ketoglutarate. 


With liver homogenates, no consistent effect of dietary additions of 
vitamin D on the oxidation either of citrate or of pyruvate plus oxalace- 
tate was obtained. This is in agreement with a previous failure to dem- 


onstrate an increase in liver citrate. 


Although small amounts of Ca added in vitro were found to inhibit 
citrate oxidation, the effect of the vitamin could not be accounted for by 


the observed increase in kidney Ca. 
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LEUCINE AMINOPEPTIDASE 


VI. INHIBITION BY ALCOHOLS AND OTHER COMPOUNDS* 


By ROBERT L. HILLT ann EMIL L. SMITH 


(From the Laboratory for the Study of Hereditary and Metabolic Disorders and 
the Departments of Biological Chemistry and Medicine, University of Utah 
College of Medicine, Salt Lake City, Utah) 


(Received for publication, July 9, 1956) 


Many of the properties concerned with the specificity and metal ion in- 
teraction of highly purified leucine aminopeptidase from swine kidney have 
been described (1, 2). The aminopeptidase can hydrolyze amino acid 
amides and peptides which possess a free a-amino group. The nature of 
the side chain of the residue bearing the free a-amino group has a strong 
influence on the rate of hydrolysis, whereas the residue bearing the nitrogen 
of the susceptible bond has only little influence on the rate of hydrolysis. 
Each of these properties, as well as others, has been considered in formu- 
lating a possible sequence of events in the hydrolysis of a susceptible sub- 
strate which has the structure, RCH(NH2)\CONHR’. The enzyme-sub- 
strate complex must possess a minimum of three points of interaction 
between substrate and enzyme. These sites are the R group, the free 


_amino group, and the nitrogen of the amide or peptide bond. It has been 
assumed that the metal ion (Mg** or Mn?**) participates as a bridge in the 
formation of an unstable chelate complex (2). 


The over-all process of R group interaction has been described as ‘“‘hy- 
drophobic interaction” (2). The hydrophobic nature of the R groups of 
both protein and substrate will cause them to repel water molecules, and 
the energy of interaction involves not only van der Waals’ forces but also 
the hydrogen bond energy of the displaced water molecules. The observed 
rates of hydrolysis of several amino acid amides appear to be in accord with 
this concept, and may be correlated with the size and the hydrophobic or 
hydrophilic character of the R group of the substrate. Straight chain 
aliphatic amides, which possess the greatest hydrophobic effect, are hy- 
drolyzed most rapidly ; amides which contain hydrophilic groups are hydro- 
lyzed at a slower rate. 

The validity of this concept of the mode of interaction of leucine amino- 
peptidase and its substrates can be tested by studies with various kinds of 

* This investigation was aided by research grants from the National Institutes of 
Health, United States Public Health Service. 


t Public Health Service Research Fellow of the National Institute of Arthritis 
and Metabolic Diseases. 
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inhibitors. Compounds which could bind with the metal ion of the en. 
zyme, the R group of the substrate, or both, should be potent inhibitors, 
Inhibition of the aminopeptidase by various metal-chelating agents has 
already been reported (2, 3). Inasmuch as the most sensitive substrates 
of the aminopeptidase are those containing an aliphatic side chain, com. 
pounds such as aliphatic alcohols should be inhibitors, since they should 
be able to bind with the R group site on the aminopeptidase. Better in- 
hibitors would be compounds which possess not only aliphatic residues but 
an amino group or amide nitrogen for combination with the metal ion, e.g. 
aliphatic amino alcohols or aliphatic acid amides. The action of several 
inhibitors, chosen specifically for these structural characteristics, will be 
described in this paper. The results are in accord with the previously 
developed concepts of the mode of interaction of the aminopeptidase and 
its substrates. 


EXPERIMENTAL 


Methods—Leucine aminopeptidase was prepared from swine kidney by a 
modification! of the procedure of Spackman, Smith, and Brown (1). As- 
says of enzyme activity were performed as previously described (2). The 
substrates used in this study have been described in earlier publications 
from this laboratory. 

Inhibitors—u-Leucinol sulfate was prepared by reduction of 1-leucine 
with lithium aluminum hydride as described by Karrer et al. (4). The 
crystalline sulfate was obtained by the addition of a slight excess of con- 
centrated sulfuric acid to an ethereal solution of t-leucinol. After recrys- 
tallization from ethanol-ether, the melting point of the compound was 
245-246° with decomposition. The sulfate proved to be more stable than 
the hydrochloride and, unlike the oxalate prepared by Karrer et al., could 
be used directly for enzyme studies. 


C 39 ON2- H20-SO,. Calculated. C 42.2, H 9.5, N 8.2, S 9.4 
341.5 Found. “432 “96, “82, 
[a]?* = +6.45° (0.9% in water) 


Isocaproamide—Caproic acid (2.5 gm.) was dissolved in an equal volume 
of dry ether. After cooling to 0°, 2.8 gm. of triethylamine were added, 
followed by 2.8 gm. of isobutyl chlorocarbonate. The reaction mixture 
was kept at 0° for 10 minutes; 50 ml. of cold ether were then added, and 
dry NH; was passed into the solution for a few minutes. After warming 
to room temperature, the solution was saturated with ammonia and filtered. 
The filtrate was repeatedly concentrated to dryness in vacuo with the ad- 

1 Unpublished studies. The main change in procedure involves the use of elec- 


trophoresis on a starch column for the final step of purification instead of on filter 
paper as previously described (1). 
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dition of ether. The residue was dissolved in a few ml. of ether and crys- 
tallized from ether-petroleum ether. Yield, 2.0 gm. After recrystalli- 
zation from ether-petroleum ether the melting point was 120—121°. 


C.eHi;0N. Calculated. C 62.6, H 11.3, N 12.2 
115.2 Found. 62.3, ‘10.9, ‘* 11.8 


a-K etoisocaproamide—a-Ketoisocaproic acid was prepared by the en- 
zymatic procedure of Meister (5), and this compound was converted to the 
amide by the procedure given above. The yield was 0.55 gm. of the amide 
from 1.0 gm. of the keto acid. After recrystallization from ether-petro- 
leum ether, the melting point was 59-60° (literature, 60° (6)). 

pL-a-H ydroxyisocaproamide—v.L-a-Hydroxyisocaproic acid (3.0 gm.) (7) 
was esterified in 30 ml. of absolute ethanol containing 0.3 ml. of concen- 
trated sulfuric acid by warming to 92° in a pressure bottle for 3 hours. 
After cooling to room temperature, the ethanolic solution of the ester was 
concentrated in vacuo. The oil was dissolved in ether and washed succes- 
sively with cold dilute sodium bicarbonate, dilute HCl, and water. The 
ether solution was then dried over Na,SQ,. After removal of the ether 
in vacuo, the ester was dissolved in 50 ml. of absolute ethanol and saturated 
with dry ammonia at 0°. The mixture was kept in a pressure bottle for 14 
days. The ethanol was removed in vacuo and the compound crystallized 
from benzene. Yield, 2.1 gm.; m.p., 73°. 


CeH1;30.N. Calculated. C 544.9, H 10.0, N 10.7 
131.2 Found. “64.8, 99, ‘10.8 


Results 


Inhibition by Straight Chain Aliphatic Alcohols—Figs. 1 to 3 show the 
effects of methanol, ethanol, n-propanol, n-butanol, n-pentanol, and n- 
hexanol on the rate of hydrolysis of L-leucinamide by leucine aminopepti- 
dase. In each experiment the enzyme was activated for 30 minutes in a 
solution containing 0.002 m MnCl, 0.06 m_ tris(hydroxymethy])amino- 
methane (Tris) buffer at pH 8.5, and the alcohol at the concentration 
indicated. The activated enzyme was then assayed under the same condi- 
tions with 0.05 m L-leucinamide as substrate. Because of the limited solu- 
bility of n-pentanol and n-hexanol, studies could be made at only a few 
concentrations of these alcohols. 

The data show that the inhibition increases with increasing size of the 
carbon chain of the alcohol. This is best illustrated in Fig. 4, in which the 
amount of inhibition, at 0.1 mM concentration of each alcohol, is plotted as a 
function of the molecular weight of the hydrocarbon chain of the alcohol. 

These data are in accord with the concept that the alcohol is binding with 
the R group site on the enzyme, the degree of inhibition depending on the 
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length of the carbon chain of the alcohol. By virtue of its strong “hydro- 
phobic interaction” with the enzyme, hexanol is the best inhibitor. Only 
R group inhibition would appear to be involved, since the alcohols possess 
no grouping available for combination with the metal ion. 


10% > 
30% o% 
5 a0% 
= | | 

10 20 30 40 50 60 6 12 rr) 24 


TIME ~ MINUTES 
Fic. 1. The effect of methanol and ethanol on the rate of hydrolysis of L-leucin- 
amide. In each instance the enzyme was activated with Mn** and assayed at pH 
8.5 at the concentration of alcohol shown. The enzyme concentration in each flask 
was 0.115 y of protein N per ml. in the methanol experiment and 0.288 y with ethanol. 
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Fic. 2. The effect of n-propanol and n-butanol on the rate of hydrolysis of L- 
leucinamide. The enzyme concentration was 0.288 y of protein N per ml. with n- 
propanol and 0.304 y with n-butanol. 


In order to determine whether the inhibition obtained with the alcohols 
is due to irreversible inactivation of the aminopeptidase, the following 
experiments were performed. Aminopeptidase was activated for 30 min- 
utes under the conditions given above in the presence of high concentrations 
of several alcohols. Aliquots of the activation mixture were then assayed 
in the corresponding alcohol at the same concentration (Column A, Table I) 
and in an aqueous solution giving a lower alcohol concentration (Column 
B). Column C shows the expected amount of inhibition for the alcohol 
concentration of Column B as calculated from the data of Figs. 1 and 2. 
It is evident that reversal of the alcohol inhibition is obtained and that the 


CENT 


| 
¢ 

t 

| 

| 


R. L. HILL AND E. L. SMITH 213 


| | | | 
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0.184 M PENTANOL METHANOL 
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Fic. 3. The effect of n-pentanol and n-hexanol on the rate of hydrolysis of L- 
leucinamide under the same conditions as those in Figs. 1 and 2. The enzyme con- 
centration was 0.288 y of protein N per ml. for each assay. 

Fig. 4. Inhibition (in per cent) of the hydrolysis of L-leucinamide at 0.1 M con- 
centration of each alcohol. The mass of the side chain of each alcohol was assumed 
to be equivalent to the molecular weight of the side chain. The extent of inhibition 
was obtained by interpolation from the data of Figs. 1 to 3. 


TABLE I 
Reversal of Alcohol Inhibition 


The aminopeptidase (1.09 y of protein N per ml., C; = 60) was activated for 30 
minutes at 40° with 0.002 m MnCl, in 0.06 m Tris buffer at pH 8.5 and alcohol at the 
concentration indicated (Column A). Aliquots from the activation mixture were 
removed and assayed with 0.05 m L-leucinamide at the same concentrations of MnCl, 
and Tris as in the activation mixture. Column A shows the inhibition when the ac- 
tivated enzyme was assayed at the same alcohol concentration as the activation 
mixture. Column B shows the inhibition when the activated enzyme was assayed 
in water so that the alcohol concentration was diluted 10-fold compared with Col- 
umn A. Column C shows the inhibition that should be observed at the diluted al- 
cohol concentration as calculated from the data of Figs. 1 and 2. 


Inhibition 
Alcohol Concentration 
Column A Column B Column C 
per cent by volume per cent per cent per cent 
Methanol....... ena 60 76 17 15 
30 76 17 20 
n-Propanol............ 10 72 19 20 
n-Butanol............. 6 77 24 24 
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residual inhibition is due to the amount of alcohol added from the activation 
mixture. 

Inhibition by Branched Chained Aliphatic Alcohols—From the results 
given above, the inhibition produced by the straight chain alcohols might 
be attributed to a decrease in the dielectric constant of the assay medium. 
In order to determine whether the inhibition was primarily caused by a 
dielectric effect or a hydrophobic effect, the effect of several isomeric alco- 
hols on the hydrolysis of leucinamide was compared (Fig. 5). Each isomer 
in both the propyl and butyl series changes the dielectric constant in a 


similar manner (8). If the observed inhibition is due to an altered electro- 


static effect alone, then all of the isomeric alcohols should be approximately 
equivalent as inhibitors; however, if the inhibition is a function of the 
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Fig. 5. The effect of branched chain propyl and butyl alcohols on the rate of 
hydrolysis of L-leucinamide. Conditions were the same as those in the experiments 
of Figs. 1 to 3. The enzyme concentration was 0.096 7 of protein N per ml. of assay 
medium. 


structure of the R group of the alcohol, this would support the interpreta- 
tion of the inhibition as an R group phenomenon. ‘The results in Fig. 5 
show that n-propanol is a better inhibitor than isopropanol, despite the 
fact that the dielectric decrement is similar for the iso compound. _lert- 
Butanol, which produces the greatest dielectric decrease, proves to be the 
poorest inhibitor in the butyl series. It appears, therefore, that the inhi- 
bition is not primarily due to a change in the dielectric constant of the 
medium. It may be noted that the degree of inhibition produced by the 
various butanols is similar to the sensitivity of the analogous amino acid 
amides to hydrolysis by the aminopeptidase. The effectiveness of the 
butyl] alcohols as inhibitors is in the order iso > nor > sec > tert and the 
sensitivity to hydrolysis of the analogous substrates is leucinamide = 
norleucinamide > isoleucinamide > fert-leucinamide. 

Effect of Methanol on Hydrolysis of Amino Acid Amides—If it is assumed 
that the effectiveness of a straight chain alcohol as an inhibitor of the hy- 
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drolysis of t-leucinamide depends on its ability to decrease the ‘‘hydro- 
phobic interaction” between the substrate and the enzyme, it follows that 
the alcohol will inhibit the hydrolysis of the substrate to an extent depend- 
ent on the strength of the hydrophobic interaction between the substrate 
and the aminopeptidase. In order to test this assumption, the rate of 


| | | | T | | | | 
2. ° otal 2.0 
GLYCINE ASPARTIC 
e DIAMIDE 
a 
x 
ALANINE} 
= LYSINAMIDE 
x AMINOBUTYRIC 
ro) 
4 NORVAL., 3 
TRYPTO- 
PHANAMIDE 
20 45 40 
VOLUME PER CENT VOLUME PER CENT 
Fia. 6 Fic. 7 


Fic. 6. The effect of methanol on the rate of hydrolysis of straight chain aliphatic 
amino acid amides. Aminopeptidase was activated with 0.002 m MnCl; in the pres- 
ence of alcohol at the concentration indicated and 0.06 m Tris buffer at pH 8.5. The 
assays were performed at the same alcohol, buffer, and metal ion concentrations. 
The concentration of enzyme in each assay was 6.08 + of protein N per ml. for glycin- 
amide, 3.04 y for alaninamide and a-aminobutyric acid amide, 0.115 y for norvalin- 
amide and leucinamide. For each substrate the relative rate of hydrolysis at each 
concentration of methanol was calculated from the rate in water, taken as 100. The 
substrate concentration of the amides was 0.05 m for glycine, L-alanine, and L-leu- 
cine, and 0.1 m for pL-a-aminobutyric acid and pu-norvaline. 

Fic. 7. The effect of methanol on the rate of hydrolysis of L-tryptophanamide, 
L-aspartic acid diamide, and t-lysinamide. Aminopeptidase was activated and 
assayed as described in Fig. 6. The aminopeptidase concentration per ml. of assay 
medium was 0.287 y for each substrate. 


hydrolysis of several amino acid amides was measured at several concen- 
trations of methanol. 

With the aliphatic series of substrates (Fig. 6), the hydrolysis of L-leucin- 
amide is inhibited to the largest extent, whereas substrates, which are less 
susceptible to hydrolysis, and for which presumably the hydrophobic inter- 
action with the aminopeptidase is of a smaller magnitude, are affected to 
a lesser degree. As might be expected, the hydrolysis of glycinamide, 
which has no appreciable side chain for interaction, is influenced the least. 
These data appear to permit a comparison of the relative magnitude of the 


ion 
Its 
ght 

a 
ner 
na 
ro- 
ely 
the 
2 of 
nts 
say 

ta- | 
5 
he 
he 
hi- 
he 
he 
cid 
he 
he 
ed 
ny- 


216 LEUCINE AMINOPEPTIDASE. VI 


hydrophobic interaction between leucine aminopeptidase and any of the 
amide substrates. 

Because of the nature of the R group of the amides of Fig. 7, no direct 
correlation can be made between the inhibition of hydrolysis of these com- 
pounds and of the aliphatic substrates. 

Smith and Polglase (9) showed that the rate of hydrolysis of the straight 
chain, aliphatic amino acid amides is a function of the molecular weight of 
the side chain of the amide. When the logarithm of the first order velocity 
constant (Ci) is plotted as a function of the molecular weight of the side 
chain bound to the a-carbon of the amide, a smooth curve is obtained. 
This graph has been reproduced in Fig. 8. There is also plotted the inhibi- 
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Fic. 8. The inhibition of hydrolysis of homologous straight chain aliphatic amides. 


The per cent inhibition is plotted as a function of the mass of the side chain of the 
R group attached to the a-carbon atom of each amide. The data for log velocity 
constant versus mass are those of Smith and Polglase (9). 


tion (in per cent) produced by 50 per cent methanol for the same aliphatic 
amino acid amides. It is evident that the resulting curve is superimposable 
on the data previously obtained by Smith and Polglase. 

Other Inhibitors of Leucine Aminopeptidase—Several compounds which 
could react with the protein-bound metal ion as well as with the R group 
site of leucine aminopeptidase have been studied as potential inhibitors of 
the enzyme. As expected, some of these compounds, under proper con- 
ditions, proved to be better inhibitors than the corresponding simple ali- 
phatic alcohols. Table II presents a summary of the results. The inhibi- 
tion was calculated by comparison of the rate of hydrolysis of L-leucinamide 
in the presence and absence of the inhibitor. Rates of hydrolysis were 
determined in the usual manner with the Mn*+-activated enzyme. 

Each inhibitor possesses an R group which should give nearly optimal 
interaction with the hydrophobic center of the aminopeptidase. In ad- 
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dition, at least one functional-group is present which might react with the 
combined metal ion, in this case Mn**. .t-Leucine and L-leucinol both 
possess the isobutyl R group as well as an a-amino group. Only moderate 
inhibition was found at pH 8.5 to 8.6; however, at pH 9.0 to 9.1, at which 
a larger quantity of uncharged a-amino group is available for binding with 
Mn++, a greater inhibition was observed. Isocaproamide is a slightly 
better inhibitor at pH 8.5 than either L-leucine or L-leucinol, since at this 


TABLE II 
Inhibition by Various Types of Compounds 
Leucine aminopeptidase was activated at 40° for 30 minutes with 0.002 m MnCl., 
0.06 m Tris buffer, and inhibitor at the concentration indicated. Assays were per- 
formed at the same concentrations of MnCl., Tris, and inhibitor with 0.05 m L-leu- 
cinamide as substrate. 


Inhibitor Concentration pH Inhibition 

M per cent 

a-Ketoisocaproamide.................. 0.025 8.55 21 
DL-a-Hydroxyisocaproamide........... 0 .05* 8.55 68 


* The concentration given is for the L component. 


pH the amide N (or the carbonyl group) is available as a binding site. 
Although isocaproic acid is a better inhibitor than hexanol, it is poorer 
than the corresponding amide. 

Two other substances, a-ketoisocaproamide and p.L-a-hydroxyisocapro- 
amide, proved to be of interest. Both compounds have not only the ap- 
propriate R group, but have two additional sites available for interaction 
with Mn++, the a-ketonic oxygen and amide N in the ketoamide, and the 
a-hydroxy group and amide N in the hydroxyamide. Since three sites of 
attachment are available for interaction with the aminopeptidase, either 
of the compounds could be a substrate or an inhibitor. It was interest- 
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ing that the ketoamide was not a substrate nor a very effective inhibitor, 
whereas the hydroxyamide proved to be both a poor substrate and a good 
inhibitor. With the Mnt++-activated enzyme, the hydrolysis of a-hydrox- 
yisocaproamide followed zero order kinetics (Table III). Compared with 
L-leucinamide as 100, the relative rate of hydrolysis was 0.47. The slow 
but perceptible hydrolysis of a-hydroxyisocaproamide, the a-hydroxy ana- 
logue of leucinamide, establishes the necessity of an a-amino group for 
optimal sensitivity to the enzyme. 

a-Keto acids are stronger acids than the corresponding a-hydroxy acids, 
which indicates a much greater electron-withdrawing effect of the keto 
group on the carboxyl group. The same effect would apply to the corre- 
sponding amides, causing a decreased availability of electrons on the N of 


TaBLeE III 
Hydrolysis of a-Hydroxyisocaproamide 
Enzyme was activated at 40° for 30 minutes with 0.002 m MnCl. and 0.06 m Tris 
buffer. Assays were performed at the same concentrations of Mn** and Tris with 
0.1 M DL-a-hydroxyisocaproamide as substrate at pH 8.5 and a final enzyme concen- 
tration of 0.85 y of protein N per ml. 


Time Hydrolysis Co 
min per cent 
33 15.4 55 
60 28 .6 57 
90 41.0 54 
120 57.0 57 


the amide for coordinating with metal ions. In addition, by a similar 
effect, there will be a decreased electron-donating ability on the part of the 
keto oxygen as compared to the a-hydroxyl oxygen. The experimental 
results bear out this fact in that the ketoamide binds with the enzyme to 
a much smaller extent than the hydroxy compound, which is both a sub- 
strate and a good inhibitor. 

Transamidation and Transpeptidation Studies—Because leucine amino- 
peptidase has been shown to be useful as a specific hydrolytic reagent for 
the stepwise liberation of amino acids from the amino-terminal ends of 
proteins and peptides (10-12), it is important to establish whether the 
aminopeptidase can catalyze transfer reactions. The absence of transfer 
reactions was established by the following experiments. 125 umoles of 
L-leucinamide were incubated separately with 125 umoles of each of the 
following synthetic amides and peptides at 40° in the presence of 0.1 M 
Tris buffer at pH 8.5, 0.002 m MnCl, and leucine aminopeptidase (C; = 
50) at 0.31 y of protein N per ml.; L-argininamide, L-isoglutamine, L-valin- 


aml 
gly« 
inte 
was 
Sch 
dri 
an 
lyti 
I 
am 
of | 
Gly 
| Gly 
wa 
diz 
un 
be 
st 
me 
de 
pe 
de 
ti 
h 


~ 


‘ 


R. L. HILL AND E. L. SMITH 219 


amide, L-prolinamide, p-valinamide, L-leucyl-L-valine, and L-leucylglycyl- 
glycine. Aliquots of the reaction mixtures were removed at various time 
intervals over a 2 hour period, and the composition of the reaction mixture 
was determined qualitatively by paper chromatography (Schleicher and 
Schill paper No. 507, n-butanol-acetic acid-water, 4:1:5 v/v). A ninhy- 
drin reagent was used for the detection of the compounds. In no case was 
any compound found other than those which might be expected as hydro- 
lytic products. No insoluble polymers were observed. 

It was also impossible to detect hydroxamate formation with L-leucin- 
amide under the conditions described above in the presence of 500 umoles 
of hydroxylamine. Further evidence for the absence of transfer reactions 


TABLE IV 
Specificity of Mn*+-, Mg*t-, and Cot+-Activated Leucine Aminopeptidase 


Relative rates are compared with the value of 100 for hydrolysis of L-leucylgly- 
cine with the metal ion indicated. 


Mn?** activation Mg** activation Co** activation 
Substrate E Rela- |E 
lconcen- Co med concen- Co concen- Co 
tration rate | tration tration 
N N N 
per ml. per ml. per ml. 
L-Leucylglycine. .. 0.205,10,000,100 0.205) 4630 |100 0.205, 3160 |100 
Glycyl-L-leucine..... 0.82 | 2,020 21 0.82 | 1140 | 24 0.82 | 610 | 19 
Glyeylglycine....... 0.82 0.25) 0.82 10*, 0.20*) 0.82 0.20* 


* Approximate values. 


was obtained from experiments showing the complete hydrolysis of oxi- 
dized A chain of insulin by the aminopeptidase; each amino acid was re- 
covered in stoichiometric amount from the enzymatic hydrolysate. These 
unpublished studies will be described later. 

Effects of Metal Ions on Substrate Specificity—In a recent report it has 
been claimed that leucine aminopeptidase of swine kidney possesses an 
“jon-determined specificity” (13). It was suggested that different sub- 
strates become more or less susceptible to hydrolysis, depending on the 
metal ion which is used to activate the aminopeptidase. Although the 
data in the above paper indicate that this relationship holds for amino- 
peptidase preparations purified about 50-fold, we have been unable to 
demonstrate a similar effect in enzyme preparations purified about 2000 
times. 

Table IV shows the effects of Mn++, Mgt+, and Cott on the rate of 
hydrolysis of L-leucylglycine, glycyl-L-leucine, and glycylglycine. Amino- 
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peptidase, which had been stored in the presence of 0.005 m MgCl. and 
0.005 m Tris buffer at pH 8.5, was activated for 30 minutes at 40° in the 
presence of 0.002 m MnCl:, 0.002 m MgClo, or 0.0005 m CoCl: and 0.1 
Tris buffer at pH 8.5. Aliquots of the activation mixtures were then as- 
sayed with the three substrates and the metal ion and Tris buffer at the 
concentrations present in the activation mixtures. No attempt was made 
to determine the rate of hydrolysis in the absence of metal because of the 
extreme lability of highly purified leucine aminopeptidase in the absence 
of MgCl, (1, 2). In the assay flasks, the concentration of Mg*t was only 
4X 10-7 Mo. 

The data of Table IV show that, although the rates of hydrolysis are 
different for each metal-activated preparation, the relative rates of hydrol- 
ysis for all three substrates are the same regardless of the metal ion used 
for activation. There appears to be no “‘ion-determined specificity” for 
the highly purified aminopeptidase. On the contrary, the present results 
are in complete accord with earlier findings (3, 14, 15) that the rapid hy- 
drolysis of glycylglycine and glycyl-t-leucine in crude extracts of tissues 
is due mainly to distinct peptidases which possess a different specificity 
and distinct metal ion requirements from leucine aminopeptidase.? The 
results obtained by Vascia (13) are easily explicable in terms of the pres- 
ence of several peptidases in the crude preparations used by him. How- 
ever, as noted earlier (2) and indicated also by the data in Table IV, the 
highly purified aminopeptidase can hydrolyze glycylglycine, glycyl-t-leu- 
cine, and many other peptides as well. 


DISCUSSION 


It has been recognized for some time that, despite its name, leucine 
aminopeptidase possesses a broad action and can hydrolyze many kinds of 
amino acid amides and peptides, the rate of hydrolysis depending mainly 
on the type of side chain present on the residue bearing the free terminal 
a-amino group (9). It has been assumed that, in the aminopeptidase, as 
well as in other proteolytic enzymes which manifest side chain specificity, 
there is a specific site on the protein for interaction with the side chain of 
the substrate. This has been ascribed to a hydrophobic interaction (2). 

Direct proof of this hypothesis will obviously depend on identification 
of the active site of the enzyme and a determination of the structure of this 
part of the protein. Nevertheless, there are now available several types 
of indirect evidence which support the above concept. With carboxypepti- 


2 Itis particularly noteworthy that the hydrolysis of glycylglycine is not accelerated 
by addition of Co++, a phenomenon which has been repeatedly noted for the unique 
enzyme, glycylglycine dipeptidase (3, 15). Obviously this dipeptidase is not present 
in the preparations of purified aminopeptidase. 
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dase, the evidence of side chain interaction has come from the use of both 
substrates and inhibitors of widely different structure (16, 17). With the 
aminopeptidase, similar evidence has been available previously from the 
use of different substrates. The present studies with various types of in- 
hibitors lend additional support to the concept of a hydrophobic type of 
interaction. The fact that the extent of inhibition of a single substrate 
depends on the size of the aliphatic side chain present in the alcohol provides 
one kind of evidence. Of even greater importance is the finding that with 
a given inhibitor, namely methanol, the degree of inhibition depends on 
the structure of the substrate. The hydrolysis of a substrate, such as 
glycinamide, which possesses only hydrogen atoms attached to the a-car- 
bon, is only slightly inhibited by methanol, whereas progressively greater 
inhibition is obtained with compounds which have larger side chains. 
What is most striking is the good agreement between relative degree of 
inhibition by methanol of the hydrolysis of the substrate, on the one hand, 
and its relative susceptibility to hydrolysis, on the other. The data of 
Fig. 8 provide strong support for the view that the interaction of the 
inhibitor and the substrate is occurring at the same site on the enzyme. 

It has been found in a direct test that the inhibition produced by var- 
ious alcohols is reversible (Table I). That irreversible inactivation does 
not occur is also evident from the data of Figs. 6 and 7, since the degree of 
inhibition depends on the substrate. If the inhibition were due to irrevers- 
ible inactivation of the enzyme, then, at a given concentration of alcohol, 
the same amount of inhibition would be found with all substrates; this is 
not the situation which actually obtains. 

Inhibitors such as the simple aliphatic alcohols may be regarded as hav- 
ing one point of interaction, that is, through the side chain alone. How- 
ever, as expected from general experience with many enzymes, inhibitors 
which can interact with the enzyme at more than one locus prove to be 
more effective. In general, compounds which possess an ammonium group 
(—NH;*) are ineffective in the charged form. Leucine and leucinol are 
better inhibitors as the pH is increased and the amount of the cationic 
form is decreased. Hexylamine with its high pK value (approximately 
10.5) does not inhibit the aminopeptidase at pH 8.55. The best inhibitor 
found thus far is a-hydroxyisocaproamide, which is a poor substrate as 
well, 

Largely because the aminopeptidase has no detectable esterase action, it 
has been assumed that interaction of the enzyme occurs with the substrate 
at the free amino group and the peptide or amide nitrogen of the suscepti- 
ble bond. This is in striking contrast to the behavior of certain other pro- 
teolytic enzymes, e.g. trypsin, chymotrypsin, carboxypeptidase, and papain, 
all of which manifest an esterase action on substrates of appropriate struc- 
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ture. For these enzymes, it is likely that interaction occurs through the 

carbonyl group of the sensitive bond (18). Moreover, such enzymes also 

possess a marked transferase action which is readily explained on the basis 
O 


of the formation of an acyl-enzyme bond, R—-C—enzyme, as suggested by 
Fruton (19). The absence of a demonstrable transferase effect with leu- 
cine aminopeptidase strongly supports the view mentioned above that its 
mode of interaction with substrates is different from that of proteolytic en- 
zymes which possess esterase activity and that an acyl-enzyme linkage 
cannot be formed. Many experiments, in addition to those cited above, 
were performed under a variety of conditions in an effort to detect a 
transferase action of the aminopeptidase; all of the results were completely 
negative. It must be concluded that the absence of esterase and transfer- 
ase activities is in consonance with the view that the interaction of the ami- 
nopeptidase and its substrates occurs at the nitrogen of the sensitive bond. 


SUMMARY 


1. Leucine aminopeptidase is reversibly inhibited by simple aliphatic 
alcohols. With L-leucinamide as the substrate, progressively increasing 
inhibition is obtained with increasing size of the aliphatic group in the series 
from methanol to hexanol. 

2. With the simple aliphatic amino acid amides, the hydrolysis of L- 
leucinamide is inhibited to the greatest extent by methanol, whereas sub- 
strates which are hydrolyzed more slowly are affected to a lesser degree. 
Relative susceptibility to inhibition by methanol for the different substrates 
follows the same curve as log relative rate of hydrolysis. 

3. Compounds which have a functional group in addition to an appropri- 
ate side chain are effective inhibitors of the aminopeptidase, e.g. L-leucine, 
L-leucinol, and isocaproamide. 

4. a-Hydroxyisocaproamide proves to be a relatively poor substrate for 
the aminopeptidase, indicating the essential nature of an a-amino group for 
optimal substrate structure. However, this compound is a potent inhibitor 
of the enzyme. 

5. Leucine aminopeptidase manifests no demonstrable transferase ac- 
tion. This finding, in conjunction with its lack of esterase action, sup- 
ports the view that the enzyme interacts with the peptide or amide nitro- 
gen of the sensitive bond rather than with the carbonyl group of this bond. 

6. In contrast to a recent claim that the aminopeptidase manifests a 
metal ion-determined specificity, the highly purified enzyme shows the 
same relative specificity in the presence of Cot+, Mnt+, and Mgt for 
several peptide substrates. 
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STUDIES ON CARBOHYDRATE METABOLISM IN 
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GLUCOSE-6-PHOSPHATE METABOLISM* 


By JAMES ASHMORE, GEORGE F. CAHILL, Jr.,f 
A. BAIRD HASTINGS, anp SYLVIA ZOTTU 


(From the Department of Biological Chemistry, Harvard Medical School, 
Boston, Massachusetts) 


(Received for publication, June 26, 1956) 


Our present knowledge of carbohydrate metabolism requires that glucose 
must first be phosphorylated before undergoing further metabolism. Once 
phosphorylated to glucose-6-phosphate, at least four pathways of metabo- 
lism are available. Glucose-6-phosphate may be (1) converted to glucose- 
1-phosphate, from which glycogen and other polysaccharides arise, (2) 
hydrolyzed to glucose and inorganic phosphate, (3) metabolized via the 
Embden-Meyerhof pathway, or (4) metabolized via the phosphogluconate 
oxidation pathway. However, it should be pointed out that all of these 
pathways of metabolism are not found in all mammalian tissues. For 
example, muscle contains no glucose-6-phosphatase and little glucose-6- 
phosphate dehydrogenase; therefore pathways (2) and (4) are not availa- 
ble in this tissue. In liver, all four pathways of glucose-6-phosphate 
metabolism do exist. Our present purpose is to evaluate the relative rates 
of these four pathways in liver slices from normal and alloxan-diabetic 
rats. In addition, the effects of sodium and potassium ions on the metabo- 
lism of glucose-6-phosphate in vitro were studied by incubating liver slices 
from normal rats in media of varying ionic composition. 


Materials and Methods 


Animals—Male albino rats of the Wistar strain, raised in our colony, 
weighing between 250 and 350 gm., were used. They were fed ad libitum 
on Purina laboratory chow. Alloxan diabetes was produced by intravenous 
injection of alloxan monohydrate (40 mg. per kilo) in the manner pre- 
viously described by Renold e¢ al. (1). 


*This work was supported in part by the United States Atomic Energy Com- 
mission, Swift and Company, and the Eugene Higgins Trust, through Harvard 
University. A preliminary report of the data was given before a meeting of the 
cate of American Societies for Experimental Biology, Atlantic City, April, 
956. 

t Postdoctoral Fellow in Medical Sciences of the National Research Council, The 
Rockefeller Foundation. 
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Medium and Substrates—A high potassium medium of the ionic com- 
position K = 110, Mg = 20, Ca = 10, HCO; = 40, and Cl = 130 mmoles 
per liter and a high sodium medium in which all of the potassium of the 
above medium was replaced by sodium were used. ‘The solutions were 
equilibrated with 5 per cent CO2-95 per cent Os, giving a pH in the presence 
of liver slices varying between pH 7.4 and 7.5. Glucose-1-C"™, glucose-6- 
glucose-U-C™, and fructose-U-C'* were employed as labeled sub- 
strates.'| When only one substrate per flask was used, its concentration 
was 20 mmoles per liter. When glucose and fructose were used simul- 
taneously, their concentrations were each 15 mmoles per liter, only one of 
the two substrates being labeled with C™ in any one flask. This latter 
procedure has been described previously (2). 

Methods—Fructose was determined by the Higashi and Peters modifica- 
tion of the method of Roe (3) and by the glucose oxidase method pre- 
viously described (4). Glucose determinations in the presence of fructose 
were made by suitably correcting total reducing sugar determinations for 
the amount of fructose present. Otherwise the experimental procedure, 
chemical methods, and isotopic analyses were similar to those described 
previously (2, 5). 

The activities of glucose-6-phosphatase and glucose-6-phosphate dehy- 
drogenase were determined in fresh homogenates of liver from normal and 
diabetic rats. Glucose-6-phosphatase was measured by the release of 
inorganic phosphate during the incubation of liver homogenate with glu- 
cose-6-phosphate in 0.2 m citrate buffer, pH 6.4 (6). Glucose-6-phosphate 
dehydrogenase activity was determined by the method of Glock and 
McLean (7). By this procedure triphosphopyridine nucleotide reduction 
by homogenates incubated with glucose-6-phosphate in glycylglycine 
buffer, pH 7.6, was measured in a Beckman model B spectrophotometer. 
The activities of both enzymes were determined under conditions of maxi- 
mal activity and are expressed as micromoles of glucose-6-phosphate 
metabolized per gm. of wet liver per 30 minutes. 

Calculations—The following derived data have been obtained from 
experimental measurements by the methods of calculation previously 
described (2, 8, 9): (1) net glucose production, (2) glucose to glycogen, 
(3) glucose oxidation to COs, (4) glucose phosphorylation, (5) fructose 
utilization, (6) glycogen formation from fructose, (7) glucose formation 
from fructose, (8) fructose oxidation to CO2, (9) glucose metabolism via 
the phosphogluconate oxidation pathway. All measurements are ex- 
pressed in micromoles per gm. of wet liver per 90 minutes. 


1 Uniformly labeled glucose (glucose-U-C™) and fructose (fructose-U-C™) were 
obtained from the Nuclear Instrument and Chemical Corporation, Chicago, Illinois, 
and differentially labeled glucose was obtained from the National Bureau of Stand- 
ards. 
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In addition we have calculated the number of glucose molecules phos- 
phorylated to glucose-6-phosphate and then directly hydrolyzed to glucose 
and inorganic phosphate. Since both glucose and glycogen must be derived 
from glucose-6-phosphate, one can measure with C'-fructose the relative 
distribution of isotope between glucose and glycogen. If glucose and 
fructose both contribute to the same glucose-6-phosphate pool, then (glu- 
cose to glycogen)/(glucose to (glucose + glycogen)) = (fructose to gly- 
cogen)/(fructose to (glucose + glycogen)). Glucose to glycogen and 
fructose conversion to glucose and glycogen can be evaluated and the 
equation solved for glucose taken up and returned to the medium as free 
glucose. 


TaBLeE I 
Metabolism of Differentially Labeled Glucose (20 Mmoles per Liter) 
by Rat Liver Slices 
All the results are expressed as micromoles of glucose equivalents per gm. of wet 
liver per 90 minutes with a high potassium medium (K = 110 mmoles per liter). 


No. of ob- Label Net glucose C-Glucose Glucose to C-Glucose 
servations production uptake glycogen oxidized 
Normal* 
5 | Glucose-1-C 5.6 70 + 1.7¢ | 23 + 2.5¢ 6.2 4 O.8f 
5 | Glucose-6-C™ 6.1 55 + 3.1 | 2843.1 44.14% 0.7 
Diabetic 
4 | Glucose-1-C"™ 44 19 + 8.6 0.09 0.96 + 0.03 
4 | Glucose-6-C"4 56 14 + 4.5 0.08 0.48 + 0.01 


* Part of the data on normal rats was previously reported (9). 
t Standard error of the mean. 


Results 


Metabolism of Glucose Alone by Normal and Diabetic Tissues—These 
results are summarized in Table I. Whether glucose was labeled with C™ 
in carbon 1 or carbon 6, no significant difference was found in its uptake or 
in its incorporation into glycogen. However, glucose utilization and 
glycogen formation are markedly reduced in the diabetic as was previously 
found with uniformly labeled glucose (1). An increased oxidation of 
carbon 1 of glucose in relation to carbon 6 of glucose observed in both 
normal and diabetic tissue has also been previously noted (10, 11). These 
data are presented primarily to compare the metabolism of glucose, with 
glucose as the sole substrate, with glucose metabolism in the presence of 
an equal concentration of fructose. 
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Metabolism of Glucose and Fructose Present Together in Medium—The 
metabolism of glucose-1-C'™, glucose-6-C™, glucose-U-C™, and _ fructose- 
U-C" by liver slices from normal rats has been summarized in Table I] 
(high K medium), Table IIT (high Na medium), and from diabetic rats in 


TABLE II 


Metabolism of Glucose (16 Mmoles per Liter) and Fructose (15 Mmoles per Liter) by 
Liver Slices from Normal Rats with High Potassium Medium 
(K = 110 Mmoles per Liter) 
All the values are expressed as micromoles of glucose or fructose per gm. of wet 
liver per 90 minutes. 


Glucose Fructose 
Label | change | glycogen | Label | Uptake | | | To COs 
1-C'* 64 8.2 0.38 U-C 62 27 8.0 4.1 
36 10.6 0.68 65 20 14 5.9 
41 8.1 0.54 60 23 10.0 5.3 
42 5.8 1.5 59 31 4.6 6.4 
84 8.9 1.4 77 25 11 4.4 
80 3.3 0.76 80 34 6.5 5.9 
Mean...; 58 7.5 0.88 67 27 9.0 5.3 
6-C4 68 9.6 0.43 U-C" 77 25 11 4.4 
73 2.2 0.21 80 34 6.5 5.9 
57 7.2 0.30 67 16 5.1 
55 5.6 50 8.0 6.4 
Mean...| 63 6.1 0.31 68 29 10 5.4 
U-C 75 7.8 0.70 U-C™ 61 9.0 5.5 
30 8.8 0.90 67 16 5.1 
48 5.3 1.07 50 8.0 6.4 
Mean...| 51 7.3 0.89 59 11.0 5.7 


Table IV (high K medium). Incubation of normal liver in the high Na 
medium resulted in a 2-fold increase in glucose production and a marked 
reduction (65 per cent) in glycogen formation. The oxidation of glucose 
was virtually the same in both media. Glycogen formation from fructose 
was decreased in the high Na medium, but no differences in fructose utiliza- 
tion or oxidation were observed in the two media. 


Metabolic changes in the diabetic liver are strikingly similar to those | 


observed in the high Na medium. Net glucose production was increased, 
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and glycogen formation from both glucose and fructose was reduced. 
Again no change in fructose utilization or oxidation was observed. 

It may be seen by comparison with Table I that glucose oxidation, when 
glucose alone is the substrate, is much greater in liver slices from normal 


TaBLE III 
Metabolism of Glucose (15 Mmoles per Liter) and Fructose (15 Mmoles per Liter) by 
Liver Slices from Normal Rats (and) in High Sodium Medium 
(Na = 110 Mmoles per Liter) 
All the values are expressed as micromoles of glucose or fructose per gm. of wet 
liver per 90 minutes. 


Glucose Fructose 
Label Pe... To CO: Label Uptake To CO: 
1-C'# 124 3.7 0.27 U-C™ 77 20 3.7 5.1 
84 5.0 0.43 77 26 9.7 5.3 
40 2.6 0.82 83 13 3.3 6.2 
140 0.5 1.38 68 23 0.7 6.0 
121 4.5 95 30 4.9 9.3 
96 1.1 0.65 97 40 1.9 6.4 
Mean... 101 2.4 0.71 83 25 4.0 6.4 
§-Cl 114 4.4 0.21 U-C'% 95 30 4.9 9.3 
100 0.7 0.24 97 40 1.9 6.4 
79 4.1 0.10 73 45 8.0 5.8 
105 2.5 54 42 5.1 °6.3 
Mean.. 99 2.9 0.18 80 39 5.0 6.9 
U-C™ 104 1.8 0.78 U-C' 68 3.4 5.1 
67 3.4 1.40 73 45 8.0 5.8 
90 3.3 1.2 54 42 5.1 6.3 
Mesa... | 87 | 28 | 1.1 65 43 5.5 5.7 


rats than when glucose and fructose are both present as substrates. In 
the diabetic there is little change in glucose oxidation by the addition of 
fructose as an additional substrate. 

Estimation of Glucose Conversion to Glucose-6-phosphate and Its Recon- 
version to Glucose—Renold et al. (8) have described in detail the method by 
which maximal and minimal glucose phosphorylation can be estimated in 
liver slices. The values reported here, obtained by using differentially 
labeled glucose (Table V), are essentially the same for those incubations in 
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the high K medium as the values Renold et al. obtained under similar 
conditions using uniformly labeled glucose. Glucose phosphorylation in 
a high Na medium appears to be essentially the same as that in the high K 
medium. 

Since it is not possible to measure directly the number of molecules of 
glucose taking part in the reaction glucose to glucose-6-phosphate to glu- 
cose, this value has been estimated from a comparison of the metabolism of 


TaBLe IV 
Metabolism of Glucose (15 Mmoles per Liter) and Fructose (16 Mmoles per Liter) by 
Liver Slices from Diabetic Rats Incubated in High Potassium Medium 
(K = 110 Mmoles per Liter) 
All the values are expressed as micromoles of glucose or fructose per gm. of wet 
liver per 90 minutes. 


Glucose Fructose 
Label | TOCO: | Label Uptake | siucose | glyccgen | To COs 
1-C™ 80 0.04 0.62 U-C™ 83 49 0.6 4.9 
94 0.16 0.42 94 47 1.1 6.9 
66 0.08 0.47 88 24 1.2 5.2 
114 0.28 0.62 80 37 1.8 4.5 
101 0.08 0.58 87 40 0.80 4.6 
110 0.64 0.79 85 48 3.5 7.4 
Mean... 94 0.21 0.58 86 41 1.5 5.6 
6-C'4 98 0.21 0.34 U-C'4 80 37 1.8 4.5 
103 0.10 0.23 87 40 0.8 4.6 
107 0.64 0.35 85 48 3.5 7.4 
Mean...!| 103 0.32 0.31 84 42 2.0 5.5 


glucose with that of fructose and by employing the method of calculation 
similar to that used in the estimation of glucose phosphorylation. We have 
assumed that glucose and fructose both contribute to the same glucose-6- 
phosphate pool and that liver glycogen serves as a continuous sample of 
this pool. We have also assumed that X molecules of fructose going to 
glucose-6-phosphate will distribute themselves between glucose and gly- 
cogen in the same ratio as Y number of glucose molecules forming glucose- 
6-phosphate. A distribution of C™ from labeled fructose between glucose 
and glycogen can be measured, as well as incorporation of C' from labeled 


glucose into glycogen. The molecules of labeled glucose phosphorylated | 


and then hydrolyzed to glucose and inorganic phosphate can be estimated 
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as follows: 


Glucose to glucose = 


(ues to (glucose + glycogen) 


X glucose to glycogen } — 1 
fructose to glycogen 


The values for glucose to glucose thus obtained are given in Table V. 
Although no effect of incubation in high K and high Na media was found, 
a marked decrease in the estimated glucose to glucose value was noted in © 


TABLE V 
Pathways of Glucose-6-phosphate Metabolism in Normal and Diabetic Tissue 


Calculations are made on mean values obtained in six separate experiments with 
glucose-1-C'4 and fructose-U-C™. The results are expressed as micromoles per gm. 
of wet liver per 90 minute incubation or as per cent of glucose-6-phosphate. 


l hosph i 
Glucose phosphorylation Glucose Glue to 
oxidized cogen ucose 
Maximum | Minimum | Mean pathway 
Normal rat, high potassium medium 
SRE 55 29 | 42 0.9 7.5 23 
| | 2.1 18 55 25 
Normal rat, high sodium medium 
umoles . . 58 19 39 0.7 2.7 16 
Diabetic rat, high potassium medium 
umoles . . 13 6.3 9.6 0.58 0.2 7 


livers from diabetic rats. However, when one estimates the per cent of 
glucose which was phosphorylated and was again hydrolyzed to glucose, 
one sees that the fraction of glucose so metabolized was increased from 55 
to 73 per cent in the diabetic. 

Relative Rates of Glucose-6-phosphate Metabolism—The relative rates of 
glucose-6-phosphate metabolism via the several pathways available in 
hepatic tissue have been calculated for the mean glucose phosphorylation. 
The moles of carbon 1 of glucose oxidized to CO, have been used to estimate 
the maximal contribution of the phosphogluconate oxidation pathway, 
and the contribution of the Embden-Meyerhof pathway has been estimated 
by difference, i.e. total glucose phosphorylated less the contribution of the 
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other three pathways. In liver slices from normal rats the same maxima] 
contribution of the phosphogluconate oxidation pathway was observed in 
the high K and high Na media, 2.1 and 1.8 per cent, respectively. The 
per cent of glucose-6-phosphate converted to glycogen was reduced from 18 
per cent in the normal in a high K medium to 6.7 per cent in the high Na 
medium and 2.2 per cent in the diabetic in the high K medium. Hydroly- 
sis of glucose-6-phosphate to glucose amounts to 55 and 42 per cent in the 
normal and is increased to 73 per cent of the glucose-6-phosphate metabo- 
lized in the diabetic. The relative rate of glucose-6-phosphate metabolism 
via the Embden-Meyerhof pathway appears much the same in normal and 
diabetic tissue, but is increased in normal tissue incubated in the high Na 
medium. 


TaBLE VI 
Glucose-6-phosphatase and Glucose-6-phosphate Dehydrogenase Activities 
in Rat Liver Homogenates 
Assayed under conditions of maximal enzymatic activity and expressed as micro- 
moles of glucose-6-phosphate metabolized per gm. of wet liver per 30 minutes + the 
standard error. 


No. of | No. of 

obser- Normal obser- Diabetic 

vations vations 
Glucose-6-phosphatase............... 12 157 + 12 12 354 + 20 
Glucose-6-phosphate dehydrogenase. . 8 17+ 1 5 10+ 1 


Hepatic Glucose-6-phosphatase and Glucose-6-phosphate Dehydrogenase— 
The activities of two liver enzymes involved in the metabolism of glucose- 
6-phosphate are given in Table VI for comparison with the data presented 
above. Liver glucose-6-phosphatase activity per gm. of wet liver is mark- 
edly increased in the alloxan-diabetic rat. The activity of this enzyme is 
not changed during incubation of liver slices in high K or high Na media, 
nor is it influenced by assay in all K or all Na buffers. 

Glock and McLean (12) have reported that glucose-6-phosphate dehydro- 
genase activity is reduced in livers of alloxan-diabetic rats. Our data also 
suggest a reduction in the activity of this enzyme in liver of alloxan dia- 
betics. In comparing the activities of glucose-6-phosphatase and glucose- 
6-phosphate dehydrogenase determined in cell-free systems and under 
optimal conditions, it is evident that the activity of the phosphatase is 
much greater than that of the dehydrogenase. 


DISCUSSION 


With the induction of alloxan diabetes in rats, hepatic metabolism 1s 
known to undergo certain changes. The major known defects at the 
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glucose-6-phosphate level are (a) decreased glucose phosphorylation (8, 
13) and (b) an increase in glucose-6-phosphatase (6, 14). In addition to 
these, it is known (a) that liver slices from alloxan-diabetic rats exhibit 
decreased incorporation of C'4 from variously labeled substrates into tissue 
glycogen (4), (6) that there is a reduced activity of the enzyme glucose-6- 
phosphate dehydrogenase (12), and (c) that glucose metabolism via the 
phosphogluconate oxidation pathway appears to be reduced (10, 11). 

Since decreased glucose phosphorylation in the diabetic will result in 
less labeled glucose being metabolized by the various pathways to the end 
products measured, it is not possible to determine changes in glucose-6- 
phosphate metabolism from a comparison of glucose metabolism via any 
single pathway in normal and diabetic tissue. On the other hand, the 
estimation of all four possible pathways allows one to calculate the relative 
rates of the routes of glucose-6-phosphate metabolism irrespective of the 
amount of glucose phosphorylated. Once the glucose-6-phosphate pool 
is tagged, the relative rates of metabolism of this substance via the various 
available pathways should be quite independent of the amount of tracer 
in the pool, but may vary according to the size of the pool. 

The relative rate of glucose-6-phosphate metabolism via the four path- 
ways available is given by the per cent of phosphorylated glucose metabo- 
lized by each route (Table V). It is evident that in the diabetic there is 
a decreased conversion of glucose-6-phosphate to glycogen and an increased 
hydrolysis of glucose-6-phosphate to glucose. Such metabolic changes 
might be expected as the result of an increased activity of glucose-6-phos- 
phatase in alloxan-diabetic liver (15). 

The observed decrease in hepatic glucose-6-phosphate dehydrogenase in 
the alloxan diabetic might also suggest a decrease in metabolism via the 
phosphogluconate oxidation pathway, but this does not appear to be the 
case, since the relative contribution of this pathway is increased from 
2 per cent in the normal to 6 per cent in the diabetic. However, it should 
be noted that the value calculated for the participation of this pathway is 
a maximal value. It should also be noted that the addition of other sub- 
strates to the incubation medium may markedly influence the metabolism 
of added glucose (16, 17). In the present experiments, we have observed 
that the addition of an equal quantity of fructose to normal tissue reduced 
glucose oxidation to about one-sixth that observed with glucose alone as 
substrate. Since the oxidation of both carbon 1 and carbon 6 of glucose is 
reduced, it might be inferred that addition of fructose reduces the amount 
of glucose-6-phosphate metabolized via the Embden-Meyerhof pathway. 

That both ions and hormones can influence pathways of metabolism is 
evident from these experiments. Although there is little ion effect on glu- 
cose phosphorylation and oxidation, the effect of potassium ions on glyco- 
gen formation is well established (5, 18). Since incubation of liver slices 
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in a high Na medium results in the loss of intracellular potassium (19), it 
appears that replacement of intracellular potassium results primarily in 
increasing the rate of glycogenolysis. The result is a marked reduction 
in the incorporation of C™ frgm variously labeled substrates into tissue 
glycogen and a marked net increase in glucose production by the tissue 
slice (20). There is little evidence of alterations in carbohydrate metabo- 
lism below the glucose-6-phosphate level, since the total glucose plus 
glycogen from labeled pyruvate is the same in either a high Na or high K 
medium (2). The present study would indicate that the activity of glu- 
cose-6-phosphatase is not altered by the loss of intracellular potassium. 
Decreased glycogenesis and increased glycogenolysis must therefore result 
from an alteration in the activity of phosphorylase or phosphoglucomutase. 
Since an increase in the activity of phosphorylase is known to increase the 
rate of glycogenolysis, it would appear to be the most likely enzyme af- 
fected. 


SUMMARY 


The relative rates of glucose-6-phosphate metabolism via the various 
available hepatic pathways have been measured in rat liver slices. Liver 
slices from normal rats incubated in a high K medium phosphorylate glu- 
cose at a rate of 42 uwmoles per gm. per 90 minutes. Of the glucose-6- 
phosphate formed, 2 per cent is metabolized via the phosphogluconate 
oxidation pathway, 18 per cent goes to glycogen, 55 per cent is hydrolyzed 
to glucose, and 25 per cent is metabolized via the Embden-Meyerhof path- 
way. 

Liver slices from diabetic rats phosphorylate only one-fourth as much 
glucose as normal livers. Of this, 6 per cent is metabolized via the phos- 
phogluconate oxidation pathway, 2 per cent appears as glycogen, 73 per 
cent is hydrolyzed to glucose, and 19 per cent is metabolized via the Emb- 
den-Meyerhof pathway. 

Liver slices from normal rats incubated in a high Na medium phosphoryl- 
ate essentially the same amount of glucose as when incubated in a high K 
medium. The amount of glucose-6-phosphate metabolized to glycogen is 
reduced from 18 to 7 per cent, and the amount metabolized via the Emb- 
den-Meyerhof pathway is increased from 25 to 49 per cent. Incubation in 
a high Na medium does not alter glucose-6-phosphate hydrolysis by glu- 
cose-6-phosphatase or metabolism via the phosphogluconate oxidation 
pathway. 
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STUDIES ON CARBOHYDRATE METABOLISM IN 
RAT LIVER SLICES 


IX. IONIC AND HORMONAL EFFECTS ON 
PHOSPHORYLASE AND GLYCOGEN* 


By GEORGE F. CAHILL, Jr.,f JAMES ASHMORE, SYLVIA ZOTTU, 
AND A. BAIRD HASTINGS 


(From the Department of Biological Chemistry, Harvard Medical School, 
Boston, Massachusetts) 


(Received for publication, June 26, 1956) 


In 1939, Ostern, Herbert, and Holmes (1) reported the synthesis in vitro 
of glycogen in rabbit liver slices incubated in a Ringer’s solution containing 
1 per cent glucose and high levels of calcium ion. This observation on 
rabbit liver was readily confirmed; however, no net glycogen increase could 
be obtained in rat liver experiments under similar conditions. 

Since liver slices were observed to lose intracellular potassium, it was 
thought that an incubation medium maintaining this cation might provide 
a more optimal environment for cellular synthetic functions. In 1942, 
Hastings and Buchanan (2) reported a net glycogen increase in liver slices 
from a fasted rat incubated in a medium containing potassium as the pre- 
dominant cation. Further experiments in which different ionic proportions 
were utilized (3) demonstrated optimal glycogen synthesis in a bicarbonate 
medium containing K = 110, Mg = 20, and Ca = 10 mmoles per liter 
equilibrated at pH 7.4 to 7.5 with 5 per cent CO.-95 per cent Oz. Incubat- 
ing slices in a similar medium in which potassium had been replaced by 
sodium resulted in decreased net glycogen synthesis and a proportionate 
increase in the production of glucose. 

This “ion effect”’ in altering the glucose to glycogen ratio was thought to 
result from the inhibition or activation of one of the four known enzymes 
catalyzing the interconversion of glucose and glycogen; namely, phosphory- 
lase, phosphoglucomutase, glucokinase, or glucose-6-phosphatase. Paper 
VIII (4) has shown essentially no difference in the activity of glucose-6-phos- 
phatase or glucose phosphorylation between liver slices incubated in the 
two ionic media. 

The data presented in this paper demonstrate an increased level of phos- 
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phorylase activity in slices incubated in a high sodium medium compared 
to that of slices in a high potassium medium. Evidence is also presented 
in accord with the observation that increased phosphorylase activity is 
associated with increased glycogenolysis, and only in the presence of low 
levels of this enzyme has net glycogen synthesis been obtained. Other 
experiments suggest that the mechanism whereby sodium increases phos- 
phorylase activity is due to inhibition of the enzyme which converts active 
to inactive phosphorylase. The possible metabolic significance of this 
ionic effect is discussed. 


Materials and Methods 


Male albino rats of the Wistar strain were raised in our own colony and 
utilized when weighing between 300 and 450 gm. The fed animals were 


TaBLeE I 
Media Used for Incubation of Liver Slices 
The values are expressed as millimoles per liter. 


K = 110 Na = 110 Ringer’s bicarbonate 
10 10 1 
40 40 40 
Chloride............. 130 130 114 


exposed ad libitum to Purina laboratory pellets until } hour before death; 
food was removed 18 to 24 hours from the cage of the fasted animals. 
Except where noted, techniques of slicing, incubation, and analyses are 
identical with previous reports from this laboratory (3,5). In these experi- 
ments, however, the animals| were killed by a blow on the head, followed 
by immediate exsanguination and removal of the liver. Slices were in- 
cubated in one of three media (Table I), each equilibrated with 95 per cent 
O.-5 per cent CO, to give an initial pH of 7.4 to 7.5 after addition of tissue. 

At the end of incubation, slices were removed, blotted, and homogenized 
in 6 ml. of ice water. Aliquots were immediately taken for enzyme analy- 
sis, and an equal volume of 10 per cent trichloroacetic acid was added to 
the remainder. An aliquot of this supernatant fluid was analyzed for 
glycogen with modified anthrone reagent (6) after alcoholic precipitation. 

Phosphorylase Determination—Phosphorylase activity was determined 
by a modification of the technique of Cori, Cori, and Green (7). Samples 
of 0.1 ml. of fresh homogenate were added to a cold mixture containing 0.2 
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nl. of sodium citrate buffer (0.1 m) at pH 5.9 and 0.3 ml. of potassium 
fuoride (0.154 m) and 0.05 ml. of glucose-1-phosphate (0.2 M) as the 
potassium salt. In some experiments, glycogen was added to give 1 per 
ent final concentration in the incubation mixture before addition of 
homogenate. It was found, however, that in fed animals sufficient gly- 
cogen was present in the homogenate to serve as a nidus for further glycogen 
formation during incubation; adding extra glycogen did not increase the 
rate of reaction. Incubations were carried out for 30 minutes at 30° and 
terminated by the addition of 1 ml. of 10 per cent trichloroacetic acid. 


GLYCOGENOLYSIS - IONS 
pmols glycogen as glucose/gm 


200f liver slices/ 30 min 
4 
z 

4,6.°° 

> / Experiment 
O 
@) 


100 200 
GLYCOGEN LOSS IN Najo 


Fic. 1. Correlation of the amount of glycogenolysis in paired incubations from 
twenty-nine animals in the Na = 110 and K = 110 media. Equal glycogen loss in 
both media would be represented by the dash line. The values are expressed as 
micromoles of glucose equivalents per gm. of wet liver slices per 30 minute incuba- 
tion. 


After dilution and centrifugation, the supernatant fluid was analyzed for 
inorganic phosphate by the method of Fiske and Subbarow (8). In each 
case, substrate and homogenate blanks were treated similarly, and the sum 
of these was subtracted from the total to determine the phosphate moiety 
released by enzymatic action. Activity was calculated as micromoles of 
phosphorus (equals micromoles of glucose-1-phosphate converted to gly- 
cogen) released per gm. of wet liver per 30 minutes. 


Results 
Tonic Effects on Glycogen and Phosphorylase 


Glycogenolysis and Glucose Production—Liver slices from fed rats incu- 
bated in Na = 110 medium had a more rapid rate of glycogenolysis (Fig. 
1) compared to similar slices incubated in K = 110. The difference in 
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glucose liberated into the medium accounted for the increased glycogenoly- 
sis (Table II). In twenty-nine experiments, the average initial glycogen 
per gm. of slices was 253 umoles (as glucose); after 30 minute incubation 
in K = 110, 153 wmoles; in Na = 110, 133 wmoles. Glucose liberated into 
the medium was 56 and 77 umoles, respectively. 

In the absence of added substrate, the liberated glucose did not reenter 


TABLE II 
Ionic Effect on Glycogen Breakdown and Glucose Production in Liver Slices 


The values are expressed as micromoles of glucose or glucose equivalents per gm. 
of wet liver. 


Glycogen 
Glucose appearing in medium 
Experiment No. Final 
Initial 

K = 110 Na = 110 K = 110 Na = 110 

30 min. incubation 
D-34 222 122 91 63 80 
D-42 217 147 137 54 70 
D-47 215 164 142 49 70 
D-48 195 131 121 44 52 
D-53 269 195 172 54 69 
D-57 215 164 142 49 70 
D-60 310 220 196 59 72 
D-74 236 198 192 54 93 

90 min. incubation 
C-83 198 101 64 76 116 
C-87 190 111 82 67 114 
G-l 178 135 87 41 94 
D-56 231 102 48 85 150 


the cell’s metabolism to any extent, since the addition of a trace (1 mg.) of 
highly active uniformly labeled C'‘-glucose did not result in any measurable 
activity in either the recovered CO, or final glycogen. 

Phosphorylase Activity—When phosphorylase was determined (Table 
III) in liver slices after incubation in the two media, a higher level was 
consistently obtained in those incubated in the presence of sodium ions. 
Differing somewhat with the preparation of tissue, techniques of analysis, 
and more so with biological variations between animals, phosphorylase 
activity of slices in the sodium medium was 15 to 400 per cent higher than 
that of slices in the potassium medium. It was frequently noted that, in 
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animals in which phosphorylase was markedly higher in the sodium me- 
dium, there was likewise a more marked degree of glycogen breakdown 
(Experiment D-24 in Table III). Sutherland (9) demonstrated that liver 
phosphorylase activity is relatively low compared to the activities of phos- 
phoglucomutase and glucose-6-phosphatase and thus becomes rate-limiting. 

Time Decay of Phosphorylase—To determine the ionic effect as a func- 
tion of time, slices were incubated in several flasks containing the two 
media and were analyzed at different periods for phosphorylase (Fig. 2, 
A), glycogen (Fig. 2, B), and medium glucose (Fig. 2, C). Phosphorylase 


TaBLeE III 
Ionic Effect on Phosphorylase Activity and Degree of Glycogen 
Breakdown in Liver Slices Incubated 30 Minutes 
Glycogen is expressed as micromoles of glucose equivalents per gm. of wet liver, 
and phosphorylase as micromoles of phosphate from glucose-l-phosphate per gm. 
of wet liver per 30 minutes. 


Phosphorylase Glycogen 
Final Final 
Experi- 
ment No 
Initial ie Initial Break- 
K = 110 | Na = 110 | K =110 | Na = 110 | 
K = 110 
D-22 342 71 100 1.40 244 138 88 1.47 
D-23 435 71 110 1.55 268 112 100 1.08 
D-24 378 55 152 2.76 232 159 97 1.85 
D-28 422 52 90 1.73 258 108 92 1 1.11 
D-30 300 71 120 1.69 197 128 102 1.38 
D-34 384 84 123 1.47 222 122 91 1.31 
D-40 313 55 116 2.10 200 147 121 1.49 
D-41 333 72 103 1.43 213 144 133 1.16 


activity rapidly diminished in slices incubated in both media, but was 
consistently lower in K = 110 thanin Na = 110. At the end of 30 minutes, 
the enzyme level was stabilized, and, owing to higher activity in the so- 
dium medium, glycogenolysis continued at an increased rate and was 
accompanied by an increased production of glucose (Fig. 2). Likewise, 
the rate of glycogen breakdown paralleled the level of phosphorylase 
activity, being most rapid in the first few minutes of incubation. 
Phosphorylase and Glycogen Synthesis—The preceding data have corre- 
lated phosphorylase levels with the rate of glycogenolysis. To assess the 
effects of ion-induced levels of enzyme activity on glycogen synthesis, 
slices from fed animals were incubated for various periods of time in 
K = 110 and Na = 110 in the presence of 20 umoles per ml. of uniformly 
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labeled C'*-glucose. No difference was observed in the amount of glucose 
metabolized to CO, (Fig. 3, B). However, a marked difference was noted 
in the number of micromoles of glucose which were recovered as radio- 
active glycogen (Fig. 3, A). From three experiments with glucose and 
from ten previous experiments with radiopyruvate (3), 3 to 5 times more 


LIVER SLICES-— IONS 


pmolP K 10 
GM Nato 
250 PHOSPHORYLASE 
A —eK 
ol 1 i 


MEDIUM 
200} GLUCOSE 
pmol 
GM 
100} 
GC o 
30.60 
MINUTES 


Fic. 2. Liver slices from a single rat incubated in Na = 110 and K = 110 media. 
The paired flasks (one with sodium and the other with potassium medium) were re- 
moved and analyzed at the times indicated. 


radioactivity appeared in the final glycogen in the high potassium medium 
compared to the high sodium. A similar distribution was also obtained 
with labeled glycerol or labeled fructose as substrates. 

Similarity of Sodium Medium and Glucagon—If the ionic effect were due 
only to elevated phosphorylase activity in the sodium medium compared 
with that in potassium, one might expect a similar effect after increasing 
the activity of the enzyme with glucagon or epinephrine. This would 
consist of an increased rate of glycogenolysis, less incorporation of label 
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into glycogen, and the same uptake of labeled substrate from the medium. 
By utilizing pyruvate-2-C™, 40 umoles per ml., several experiments were 
performed by adding 10 y per ml. of amorphous glucagon!’ to the medium. 
Duplicate 90 minute incubations on different animals showed an average 
initial glycogen content of 254 umoles per gm., a final concentration of 140 
in the potassium control, and 87 in the same medium containing glucagon. 
In the control, 4.9 wmoles of pyruvate were incorporated into glycogen, 


INCORPORATION OF GLUCOSE-U-C* 
INTO GLYCOGEN and CO, 


pmol 


i530 60 
MINUTES INCUBATION 

Fic. 3. Rat liver slices incubated in Na = 110 or K = 110 media in the presence 
of 20 umoles per ml. of glucose-U-C™. Flasks were removed and analyzed at the 
times indicated for activity in the final glycogen and CO. Each curve represents the 
mean of three experiments. 


and in the presence of glucagon only 1.26 umoles. Substrate utilization 
was the same with or without the hormone (200 umoles of pyruvate per 
gm. per 90 minutes). 

Altering Na:K Ratio—Slices were incubated for 30 minutes in Ringer’s 
bicarbonate medium, and the sodium and potassium levels were reciprocally 
altered. In Fig. 4 are recorded the results of three experiments. The most 
marked depression of phosphorylase activity was in the medium with 
potassium as the only monovalent cation. Small increments in medium 
sodium were accompanied by markedly increased levels of enzyme activity. 


‘Glucagon, amorphous, was obtained through the courtesy of Dr. W. R. Kirtley 
and Dr. M. Root of the Eli Lilly Laboratories, Indianapolis, Indiana. 
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In the higher sodium media, there were smaller increments in phosphorylase 
levels. Alterations of glycogen and medium glucose followed the same 
pattern, namely, a greater degree of glycogenolysis and glucose production 
for each ion change in the high potassium, low sodium media. One might 
therefore infer that the range most sensitive to ionic changes in vivo was 
located in the normal intracellular environment, and entrance of small] 
amounts of sodium into the cell was able to affect markedly the activity of 
this enzyme. 


PHOSPHORYLASE Na:K RATIO 
375} liver sices 30 min’ PHOSPHORYLASE 


Reversibility of ion effect 


500 
pmalP fer 
“om | 
250+ 
Na 
K 150 100 50 > 
Nao 50 i00 150 
Fig. 4 Fia. 5 


Fic. 4. Rat liver slices incubated in Ringer’s bicarbonate medium, the concen- 
tration of sodium and potassium having been altered reciprocally. Three experi- 
ments are plotted and demonstrate the greater sensitivity of the level of phosphoryl- 
ase activity to changes in sodium ion concentrations in the high potassium, low 
sodium media. 

Fic. 5. Rat liver slices incubated in three flasks containing Na = 110 and three 
with K = 110. At 15 minutes, phosphorylase was assayed in one of each trio, and 
slices were either returned to the same medium or to a flask containing the opposite 
medium and reincubated for another 15 minutes prior to analysis. 


Reversibility—After initial determination of phosphorylase activity, 
slices were incubated in six flasks, three containing sodium medium and 
three potassium. At the end of 15 minutes, one of each trio was analyzed. 
Slices were removed from the others, and from each remaining pair one set 
of slices was transferred to the same cationic medium and the other to a 
medium containing the opposite cation. Fig. 5 illustrates the usual higher 
level of phosphorylase at the end of 15 minutes in the sodium medium; 
however, when transferred to potassium, the activity falls to the same level 
as the activity of slices incubated solely in potassium. Conversely, the 
potassium-incubated slices show a return to higher activity when trans- 
ferred to the sodium medium. 
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Mechanism of Ionic Effect on Phosphorylase 


Activation-Inactivation of Phosphorylase—Sutherland, Wosilait, and Rall 
in a recent series of papers (10-12) have elucidated the liver phosphorylase 
activation-inactivation system and have partially purified the enzymes 
involved. Since addition of phosphate to the protein moiety of the in- 
active enzyme results in activity, they have labeled active phosphorylase 
“LP” (for liver phosphorylase) and the inactive form “dephospho-LP.” 
The inactivating enzyme or ‘“‘IE”’ is ‘‘phosphorylase phosphatase”’ and 
the activating enzyme is named as its function ‘‘dephospho-phosphorylase 
kinase.”” We have made no attempt to isolate or study the ionic effect on 
fractionated preparations, but the following experiments were carried out 
to study the mechanism of their action according to the Sutherland scheme 
applied to the intact cell. 

Glucagon and Epinephrine—Glucagon and epinephrine have been shown 
to increase the rate of glycogen breakdown in liver slices by augmenting 
phosphorylase activity. This effect is mediated by increasing the activity 
of activating enzyme (dephospho-phosphorylase kinase). The intact cell 
wall has been considered necessary for the hormonal effect; however, Rall, 
Sutherland, and Berthet (13) have recently reported increased levels of 
activating enzyme in dog and cat liver homogenates in the presence of 
adenosine triphosphate and magnesium ions after addition of epinephrine 
or glucagon. 

Slices were incubated for 30 minutes in the potassium medium, and epi- 
nephrine was added to a concentration of 20 y per ml. 5 minutes before 
the slices were removed (Fig. 6). In both media there was a marked in- 
crease in active enzyme. Identical results were obtained with the same 
concentration of glucagon. Increasing the amount of either hormone did 
not augment the enzyme levels; neither were they additive at this concen- 
tration. Thus the effect of the ions was probably not the same as that 
of glucagon and epinephrine. 

Fluoride—Fluoride ions have been shown to inhibit markedly phos- 
phorylase inactivation (7). Liver slices incubated in a Ringer’s bicar- 
bonate medium with fluoride replacing chloride (130 mmoles per liter) 
showed a very small decay from the initial phosphorylase value (Fig. 7). 
There was no difference between sodium and potassium ions in the presence 
of fluoride. It therefore appeared that sodium ions act on the same system 
as fluoride; namely, by inhibiting inactivating enzyme (phosphorylase 
phosphatase). This observation agreed with that of Wosilait and Suther- 
land (11), who demonstrated that the partially purified inactivating enzyme 
is 78 per cent inhibited by sodium chloride and 95 to 100 per cent inhibited 
by fluoride ions. 

Rubidium and Lithium—Rubidium and lithium have been demonstrated 
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on other enzyme systems to behave similarly to potassium and sodium, 
respectively (14). Slices were therefore incubated in Ringer’s bicarbonate 
medium, rubidium or lithium being substituted for the monovalent cation. 
There was no difference in the level of phosphorylase activity after incuba- 
tion in the potassium or rubidium medium. On the other hand, lithium 
was found to inhibit the inactivating enzyme even more than sodium, and 
the phosphorylase activity was identical with that in slices incubated in 
fluoride, probably representing nearly 100 per cent inhibition of inactivat- 
ing enzyme. 


PHOSPHORYLASE 
Epinephrine - lons PHOSPHORYLASE 
500} Fluoride- lons 
ymoiP ymol P 
gm gm 
KF & NaF 
250} | NaCl 
K 
KCl 
Minutes Minutes 
Fia. 6 Fig. 7 


Fic. 6. Rat liver slices incubated for 25 minutes in Na = 110 or K = 110 and 
epinephrine added (20 y per ml.). The phosphorylase assay was performed at 25 
minutes in the controls and after another 5 minutes incubation in those with added 
epinephrine. 

Fic. 7. Incubation of rat liver slices in Ringer’s bicarbonate medium in which 
sodium and potassium and chloride and fluoride were substituted. Phosphorylase 
activity was assayed at the end of 30 minutes. 


Calcium and Magnesium—lIt has been demonstrated, in other cell systems 
and recently by Geyer, Sholtz, and Bowie (15) in rat liver slices, that the 
divalent ions, particularly calcium, stabilize the cell membrane and prevent 
loss of potassium and accession of sodium. If the slices had already lost 
potassium, calcium was necessary for the restitution of a normal intracel- 
lular ionic content. Likewise, the early work on glycogen synthesis in 
vitro demonstrated the necessity of higher than physiological levels of cal- 
cium and magnesium to achieve a maximal increase in glycogen. 

Slices were incubated in four sodium media, one containing physiological 
levels of both divalent ions (Ca = 1.0 and Mg = 0.5 mmole per liter), 
one with 10 mmoles per liter of calcium, one with 20 mmoles per liter of 
magnesium, and one with Ca = 10 and Mg = 20 mmoles per liter, respec- 
tively. Potassium loss from slices was calculated by the amount appearing 
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in the medium. Fig. 8 shows the correlation between potassium loss and 
phosphorylase levels. Both divalent ions in high concentration resulted 
in the smallest potassium loss and the lowest level of phosphorylase activity. 
This was in agreement with the order of glycogen synthesis in slices from 
fasted animals or inhibition of breakdown in slices from fed animals. 
Phosphorylase and Glycogen Synthesis in Fasted Rat Liver—As previously 
stated, an increase in phosphorylase activity in the intact animal after 


% K LOST FROM 
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Fia. 9 


Fic. 8. Incubation of rat liver slices in four media containing sodium as the 
monovalent cation, the levels of calcium and magnesium being altered. Potassium 
loss was measured by the medium concentration. Analyses were performed after 
30 minutes incubation. 

Fic. 9. Liver slices from four fasted rats incubated in Na = 110 and K = 110 for 
90 minutes in the presence of added fructose, 20 wmoles per ml. Epinephrine was 
added to a concentration of 20 y per ml. at the start of incubation in the flasks labeled 
asabove. Similar data were obtained with glycerol or glucose as substrate. 


epinephrine or glucagon stimulation is associated with a decrease in hepatic 
glycogen. In liver slices from a fed animal, there was likewise accelerated 
glycogenolysis after either addition of these hormones or incubation in a 
sodium medium. In fasted rats, net glycogen synthesis was obtained in 
liver slices only in the presence of elevated potassium ion concentrations. 
Slices from fasted animals were therefore incubated in 20 mmoles per liter 
of fructose in the two ionic media. Glycogen synthesis occurred only in 
the potassium medium; however, when epinephrine, 20 y per ml., was 
added to the potassium medium, no net glycogen synthesis could be ob- 
tained (Fig. 9). Similar results were obtained with glycerol or glucose as 
substrate. Again the common factor between the sodium medium and the 
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potassium-epinephrine medium was an increased level of phosphorylase 
activity. 


DISCUSSION 


Flink e¢ al. (16) in this laboratory demonstrated a rapid loss of potassium 
from liver slices incubated in a low potassium medium. This loss was 
balanced by arise in sodium. There was a tendency for the slice to regain 
potassium after aerobic incubation for 15 minutes. The severity of ion 
loss and the degree of recovery were stated to be roughly proportional to 
the duration of anoxia incurred during dissection and slicing of the liver. 
Increasing concentrations of medium potassium facilitated reaccumulation 
of thision. In our experiments there was an almost total loss of diffusible 
potassium in slices incubated in the sodium (potassium-free) medium and 
maintenance of a normal intracellular cationic level in those incubated in a 
potassium medium. 

As previously, net glycogen synthesis in rat liver slices zn vitro occurs in 
the presence of high levels of potassium. Invariably a decrease in glycogen 
content takes place when slices exchange sodium for potassium, and this 
occurs, as stated above, in Ringer’s or other low potassium medium. 

Phosphorylase is maintained at a higher activity level in slices incubated 
in a sodium medium. A higher level of this enzyme has been associated 
with accelerated glycogen breakdown whether zn vitro as in our experiments 
or in vivo (9). The failure to achieve net glycogen synthesis in the presence 
of sodium is therefore probably due to augmented phosphorylase levels 
which in turn favor glycogenolysis. Only in the presence of lower phos- 
phorylase activity, as occurs in a high potassium medium, has net glycogen 
synthesis been obtained in rat liver. Epinephrine and glucagon likewise 
increase the activity of this enzyme, resulting in either a more rapid rate of 
glycogenolysis in slices from a fed animal or inhibition of net synthesis in 
slices from a fasted animal. Experiments recently reported (17, 18) have 
suggested the possibility of different routes for synthesis and breakdown. 
Our data are compatible with this speculation. 

The experiments with C'-labeled substrates have not only shown a 
greater degree of glycogenolysis in the sodium medium but also that one- 
third to one-fifth as much labeled substrate is incorporated into glycogen. 
It might therefore by inferred that glycogen synthesis is diminished in the 
sodium medium in addition to a more rapid rate of breakdown. This is 
perhaps not the case. Stetten and Stetten (19) have shown that, 3 hours 
after injection of C'*-glucose into a rat, there is a lack of metabolic homo- 
geneity with approximately 80 per cent of the glucose incorporated into 
liver glycogen located in the outer third of the particle. Liver slices i 
vitro undergo rapid glycogenolysis, and the outer tiers are phosphorylated 
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and removed at a rate possibly more rapid than amylo(1,4-1,6)trans- 
glucosidase (branching enzyme) can randomize the label into the interior 
of the glycogen, even though this interior becomes more accessible as the 
particle diminishes in size. 

It is of interest to consider the effect that alterations of intracellular 
potassium and sodium concentrations in liver may have on the over-all 
metabolism of the animal. Houssay (20) reported in 1936 that the im- 
mediate hyperkalemia after asphyxia was a function of the liver since it 
was not observed after hepatectomy. Current experiments in our 
laboratory on dogs with temporary total occlusion of hepatic circulation 
have revealed a marked loss of liver potassium, a gain in sodium, and a 
rapid rate of glycogen breakdown.? D’Silva and Neil (21), in studies on 
the perfused rat liver, were able to maintain intracellular potassium and 
to prevent glycogenolysis only if the perfusate contained an oxygen-trans- 
porting pigment and if the delay between removal of the liver and initiation 
of perfusion was less than 4 minutes. 

It therefore seems likely that the hepatic cellular membrane responds 
dramatically to trauma or anoxia, permitting egress of potassium and entry 
of sodium. Sodium inhibits phosphorylase inactivation, and since this 
enzyme is rate-limiting in the sequence of reactions between glycogen and 
glucose, an increase in phosphorylase activity is mandatory to catalyze the 
rapid rate of hepatic glycogenolysis necessary to maintain circulating 
glucose to the stressed animal, and also to provide substrate for the liver’s 
own anaerobic glycolysis. It should be pointed out that this mechanism 
serves as an “epinephrine-like” reaction in the absence of this hormone 
and at a cellular level. 


SUMMARY 


Liver slices incubated in the presence of a predominately sodium medium 
show a more rapid rate of glycogenolysis compared to similar slices incu- 
bated in a high potassium medium. 

This increased rate of glycogenolysis is due to elevated levels of phos- 
phorylase activity in the sodium medium compared to the high potassium 
medium. 

Evidence is presented which correlates the level of phosphorylase activity 
with the rate of glycogen breakdown. 

Sodium ions, once they gain access to the intracellular fluid of the rat 
liver, alter the activation-inactivation mechanism in favor of increased 
levels of active phosphorylase. | 

The glycogenolytic effect of glucagon, epinephrine, and sodium ions are 
compared and discussed. 


* Bernhard, W. F., Cahill, G. F., Jr., and Curtis, G. W., in preparation. 
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a-HYDROXYSULFONATES AS INHIBITORS OF THE 
ENZYMATIC OXIDATION OF GLYCOLIC 
AND LACTIC ACIDS 


By ISRAEL ZELITCH 


(From the Biochemical Laboratory of The Connecticut Agricultural 
Experiment Station, New Haven, Connecticut) 


(Received for publication, July 13, 1956) 


The action of glycolic acid oxidase and glyoxylic acid reductase, two 
enzymes which have been isolated from green leaves in a highly purified 
form, has recently been investigated (1, 2). It was demonstrated that 
these two enzymes could function together in crude homogenates of leaves 
and in a model system to transfer electrons from DPNH! to oxygen by the 
following mechanism (1, 3): 


(1) Substrate + DPN+ — oxidized substrate + DPNH + H* (dehydrogenases) 


(2) DPNH + CHOCOO- + H+ > DPN+t + CH,OHCOO- (glyoxylic acid reductase) 
Glyoxylate Glycolate 


(3) Glycolate + 402 — glyoxylate + H.O (glycolic acid oxidase, catalase) 


+ 
+ 10s and glyoxylate or glycolate 


oxidized substrate + H.O 


In order to evaluate the role of such a system in the living leaf, a specific 
inhibitor of either Reaction 2 or 3 would be desirable. The relationship 
between sulfanilamide and the metabolism of p-aminobenzoic acid (4) 
suggested that a-hydroxysulfonic acids by analogy might be effective 
inhibitors of the action of the enzymes concerned with the metabolism of 
a-hydroxycarboxylic acids.2, The bisulfite addition compounds of alde- 
hydes and ketones have been shown to be salts of a-hydroxysulfonic acids 
(5, 6), and sodium hydroxymethanesulfonate (CH:(OH)—SO;3Na), the bi- 
sulfite addition compound of formaldehyde, is a stable substance (7) which 
is analogous in structure to glycolic acid. 

The present experiments show that this compound and several other 
a-hydroxysulfonates are effective inhibitors of the enzymatic oxidation of 


! The following abbreviations are used: DPN* and DPNH for oxidized and reduced 
diphosphopyridine nucleotide, respectively; Tris-HCl, tris(hydroxymethy])amino- 
methane hydrochloride. 

? The author is indebted to Dr. C. W. Partridge of Yale University for pointing 
out this possibility. 
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glycolate. The action of these compounds on the oxidation of 1(+)- 
lactate, which is catalyzed by glycolic acid oxidase and by the DPNt.- 
linked lactic dehydrogenase of rabbit muscle, has also been investigated, 
and the effect of these inhibitors upon glycolic acid oxidase has been com- 
pared in detail with that of sodium bisulfite. The specificity of the action 
of sodium hydroxymethanesulfonate as an inhibitor of glyoxylic acid re- 


TABLE I 
Comparison of a-Hydrorysulfonates As Inhibitors of Glycolic Acid Oxidase 


Inhibition of oxygen uptake 


Glycolate as substrate at t-Lactate as substrate at 
5 X 10°? 1X 10°? mu 


Final concentration of inhibitor 


2.5 X 1075 7.5% | 3X 
1X 10-5 5X 10-9 XK M) 10-5 


per cent per cent per cent per cent (per cent ' per cent 


Sodium bisulfite.................. 20 40 57 80 
‘¢ — hydroxymethanesulfonate. 31 52 62 32 46 
1-hydroxy-1l-ethanesulfo- 
Disodium sulfoglycolate.......... 42 67 


The Warburg flasks contained 200 wmoles of Tris-HCl, pH 8.3; riboflavin phos- 
phate, 0.10 umole; glycolic acid oxidase, about 2.57. Potassium glycolate, 10 umoles, 
or potassium L-lactate, 20 wmoles, was placed in the side arm together with the indi- 
cated inhibitor to give the final concentration shown. The volume was made to 2.0 
ml. with water; potassium hydroxide in the center well; gas, air; temperature, 30°. 
After 10 minutes, the substrate and inhibitor were tipped in. The oxygen uptake 
was measured for two successive 10 minute intervals beginning 5 minutes after the 
additions. The uninhibited rate with glycolate was about 30 ul. per 10 minutes and 
that for L-lactate about 17 wl. per 10 minutes. 


ductase, p-glyceric acid dehydrogenase, and malic dehydrogenase has also 
been studied. 


Effect of a-H ydroxysulfonates and Sodium Bisulfite on 
Glycolic Acid Oxidase Reaction 


The action of the bisulfite addition compounds of three aldehydes and 
of sodium bisulfite on the initial rate of oxygen uptake with glycolate or 
L-lactate as substrates is compared in Table I. With glycolate, it was 


found that sodium hydroxymethanesulfonate, sodium 1-hydroxy-1-ethane- . 


sulfonate (acetaldehyde-bisulfite addition compound), and _ disodium 
sulfoglycolate (sodium glyoxylate-bisulfite addition compound) were nearly 


t 
| 
| 
| | 
| 


1. ZELITCH 253 


equally effective at concentrations about 1 per cent of that of the sub- 
strate. Sodium bisulfite was slightly less inhibitory than any of the 
three a-hydroxysulfonates tested. Formaldehyde, at the same concentra- 
tion as the inhibitors, was without effect on the rate of oxygen uptake. 
With L-lactate, a substrate of glycolic acid oxidase which has a higher 
Michaelis constant than that of glycolate (1), the inhibitors tested were 
even more effective than with glycolate. It would also appear that the 
sulfonate analogue of lactic acid, sodium 1-hydroxy-1-ethanesulfonate 
(CH;—CH(OH)—SO;Na), more effectively inhibits the oxidation of lactate 
than does the sulfonate analogue of glycolic acid, sodium hydroxymethane- 
sulfonate. 

The competitive nature of the inhibition of the oxidation of glycolate by 
sodium hydroxymethanesulfonate is shown in Fig. 1. From the form of 
the Lineweaver and Burk equation derived by Wilson (8) it is clear that 


v K, [I] 


straight lines should result with an intercept of 1 and with a slope depend- 
ent on the substrate concentration [S] if the inhibition is competitive. 
From the slopes of the regression lines in Fig. 1, the dissociation constant 
of the enzyme-inhibitor compound, K,, can be calculated if the Michaelis 
constant, K,,is known. The Michaelis constant for glycolate is 3.8 X 10~4 
M (1), and K, can be calculated to be 1.7 &K 10-° m from Curve A and 1.9 X 
10-* m from Curve B. The relationship between these constants indicates 
that sodium hydroxymethanesulfonate is indeed an effective inhibitor of 
the oxidation of glycolate by the glycolic acid oxidase of spinach leaves. 
The effect of sodium hydroxymethanesulfonate upon the oxidation of 
glycolic acid is compared at two concentrations in Fig. 2 and is shown to 
be essentially constant. The inhibitor is as effective at pH 8.3, the pH 
optimum for the enzyme, as at pH 7.0. In other experiments, which were 
carried out at pH 6.4, inhibitions of similar magnitude were observed. 
With 5 X 10-3 m glycolate as substrate, the initial rate of oxygen uptake 
was inhibited about 95 per cent by 1 X 10-* o inhibitor. In the control 
experiment, there was essentially no oxygen uptake without glycolate.® 
The competitive inhibition observed and the low dissociation constant 
of sodium hydroxymethanesulfonate suggested that the inhibition was not 
caused by free sodium bisulfite which dissociated from the inhibitor. 
Moreover, although sodium bisulfite appears to inhibit well, it was a less 
effective inhibitor of the oxidation of glycolate than sodium hydroxy- 
methanesulfonate (Table I). This is inconsistent with the view that free 
sodium bisulfite was the real inhibitor. These observations suggested that 
sodium bisulfite inhibits the oxidation of glycolate by interacting with the 
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glyoxylate produced in the reaction to form disodium sulfoglycolate 
(NaQOC—CH(OH)—SO;Na), which is the actual inhibitor. It proved 
possible to verify this explanation of the observed inhibition in two inde- 
pendent ways. 

Under the experimental conditions described in Table II, the inhibition 
of glycolate oxidation is essentially the same with either sodium bisulfite 


25h T 7 200 T T 
— 
100 
< 
2 so 
lJ 
9 
x< 
SODIUM HYDROX YME THANE- MINUTES 
SULFONATE (mx 10 5) 
Fia. 1 Fic. 2 


Fig. 1. Competitive inhibition of glycolate oxidation by sodium hydroxymethane- 
sulfonate. Warburg vessels were prepared and oxygen uptake was measured as 
described in Table I. The initial rate of oxygen uptake per 10 minutes without in- 
hibitor (v) divided by the rate in the presence of the final concentration of sodium 
hydroxymethanesulfonate indicated (v;) is plotted against the final concentration of 
inhibitor. Curve A, glycolate concentration 5 X 10-3 m. Curve B, glycolate con- 
centration 1 X 10°? mM. 

Fic. 2. Effect of pH and time on inhibition of glycolate oxidation by sodium 
hydroxymethanesulfonate. The experimental conditions were essentially those de- 
scribed in Table I. Tris-HCl buffer at the pH indicated was used; glycolate added, 
5 X 107° m. Curves A, no inhibitor added. Curves B, 1 X 10-4‘ m sodium hydroxy- 
methanesulfonate. Curves C, 1 X 10-* m sodium hydroxymethanesulfonate. 


or disodium sulfoglycolate at an inhibitor concentration of 1 X 107‘ M. 
If the bisulfite concentration is lowered to 1 K 10-5 M, the inhibition dimin- 
ished from 77 to only 20 per cent. When a large excess of glyoxylate, 
1 X 10-* M, is added, reaction with the free bisulfite to form sulfoglycolate 
occurs, but the inhibition remains the same, 81 per cent. However, if 
free sodium bisulfite were the inhibitor, since the addition of excess glyoxy- 
late lowers its concentration, a marked lowering of the inhibition would be 
expected. Since there was no reduction in inhibition, sodium bisulfite 
itself cannot be the only inhibitor. 

If sulfoglycolate, the product formed from glyoxylate and sodium bi- 
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sulfite, is the inhibitor rather than the free bisulfite which is added, it 
should be possible to trap the glyoxylate formed in the reaction and thus 
reduce the effectiveness of bisulfite. Such experiments are shown in 


TABLE II 


Inhibition of Oxidation of Glycolate by Sodium Bisulfite and by Disodium 
Sulfoglycolate in Presence of Excess Glyorylate 


Inhibition of oxygen uptake 


\Inhibitors at 1 10-4 Inhibitors at 1 1075 


per cent per cent 
Disodium sulfoglycolate.................... 79 
Glyoxylate* + sodium bisulfite............ 81 16 


* Glyoxylate was added so that its final concentration was 1 K 10-*m. Glyoxy- 
late added alone at this concentration has no effect on the rate of oxidation of gly- 
colate. The Warburg vessels were prepared as in Table I, with glycolate at 5 X 
10-3 M. 


TABLE III 


Inhibition of Oxidation of Glycolate by Sodium Bisulfite and by Disodium 
Sulfoglycolate in Presence of Cyanide 


Inhibition of oxygen uptake 


Experiment 1 Experiment 2 
Inhibitors at 5 1075 m; Inhibitors at 1 1074 
cyanide at 1 X 10°? cyanide at 1 X 
per cent per cent 
Disodium sulfoglycolate.............. 52 74 
+ sodium bisulfite. ... 8 33 
+ disodium sulfogly- 


The Warburg flasks were prepared as in Table I, with a final concentration of 
5X 10°? m glycolate. Cyanide was added to the center well of the flasks containing 
this component to maintain the concentration (9). 


Table III. Cyanide has little effect on the glycolic acid oxidase reaction. 
When cyanide is added in large excess of the inhibitor (Table III, Experi- 
ment 1), both sodium bisulfite and disodium sulfoglycolate no longer 
inhibit the reaction. This result is consistent with the view that sulfo- 
glycolate is the inhibitor and that it dissociates in the presence of an excess 
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of cyanide to form the glyoxylate cyanohydrin compound. When equal 
amounts of inhibitor and cyanide are added (Table III, Experiment 2), 
sodium bisulfite is much less effective than disodium sulfoglycolate. It 
seems clear that the cyanide, by reacting with the glyoxylate produced by 
the reaction, prevents the formation of sulfoglycolate, and the a-hydroxy- 
sulfonate must therefore be the active inhibitor of the reaction. 


Effect of a-Hydroxysulfonates and Sodium Bisulfite on Reaction 
of Muscle Lactic Dehydrogenase 


Since the a-hydroxysulfonates tested were markedly inhibitory to the 
oxidation of L-lactate by the glycolic acid oxidase of spinach leaves, it was 
of interest to determine their effectiveness on the reaction catalyzed by the 
DPN?*-linked lactic dehydrogenase of muscle. This reaction can readily 
be assayed in either direction. The experiments under ‘Pyruvate as 
substrate,”’ Table IV, show that sodium bisulfite almost completely inhib- 
its the reduction of pyruvate, as would be expected, since it reacts with the 
substrate. Sodium hydroxymethanesulfonate is ineffective as an inhib- 
itor, and sodium 1-hydroxy-1l-ethanesulfonate exerts only a slight action. 
It is known that this last inhibitor dissociates more than sodium hydroxy- 
methanesulfonate, which may account for its greater effectiveness. These 
data emphasize that little free bisulfite could be available from the 
dissociation of sodium hydroxymethanesulfonate. 

The data under “L-Lactate as substrate,” Table IV, suggest that sodium 
bisulfite and sodium 1-hydroxy-1l-ethanesulfonate (the sulfonate analogue 
of lactate) competitively inhibit the oxidation of L-lactate by the DPN?t- 
linked enzyme at low inhibitor concentrations. It should be pointed out 
that, at the concentrations of lactate employed, the enzyme was not satu- 
rated with substrate, and this could account in part for the greater effective- 
ness of these inhibitors against lactate oxidation than against pyruvate 
reduction. Although the mechanism of the inhibition has not been studied 
in detail for lactic dehydrogenase as it has for glycolic acid oxidase (Tables 
II and III), the inhibition of lactate oxidation by sodium bisulfite at these 
low concentrations of inhibitor may well arise from the formation of the 
sodium bisulfite addition compound of pyruvate. 


Effect of Sodium Hydroxymethanesulfonate and Sodium Bisulfite 
on Enzymatic Reduction of Glyoxylate 


In view of the observation that the oxidation of glycolate to glyoxylate 
is markedly inhibited by sodium hydroxymethanesulfonate, the effect of 
this inhibitor on the reverse reaction, the enzymatic reduction of glyoxylate 
to glycolate, was investigated. This reaction was studied with a crystal- 
line preparation of glyoxylic acid reductase by measuring the rate of oxida- 
tion of DPNH at 340 my in the presence of glyoxylate (2). The Michaelis 
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constant for glyoxylate with this enzyme is 9.1 K 10-*m. With glyoxylate 
at 0.01 M, essentially no inhibition of the reaction is observed with 0.04 m 
sodium hydroxymethanesulfonate. Under the same experimental condi- 
tions, sodium bisulfite at 0.01 m completely inhibits the reaction, and the 
inhibition is completely reversed when glyoxylate at 0.01 m is added after 


TaBLeE IV 
Inhibition of Lactic Dehydrogenase of Muscle by a-Hydroxysulfonates 


Molar concentration of inhibitor to 
; : give 50 per cent inhibition 
Per cent inhibition 


t-Lactate as substrate at 


| Pyruvate as substrate at 0.001 u 0.10 m 0.033 u 
Final concentration of inhibitor...... 0.001 m | 0.002 mw | 0.004 m | 0.008 uw 
Sodium hydroxymethane- 
sulfonate . | 12 10 26 24 6.3 XK 10-4 
Sodium 1- hydroxy-1 1-ethane- 
sulfonate . 26 33 48 1.5 X | 7.0 X 
Sodium bisulfite 83 1.0 X | 5.0 1075 


For assay with pyruvate as substrate, experimental cuvettes of 1 cm. light path 
contained 100 wmoles of potassium phosphate at pH 6.4, 3 umoles of potassium pyru- 
vate, about 4 y of crystalline lactic dehydrogenase from rabbit muscle, inhibitor as 
indicated, and water to make the final volume 3.0 ml. DPNH, 0.15 umole, was 
added at zero time, and readings were taken at wave length 340 my in the Beckman 
spectrophotometer for two 15 second intervals. 1 unit is defined as a decrease in 
optical density of 0.01 per minute at 25°. Under the conditions described, the un- 
inhibited enzyme assayed 22.0 units; with 1 zmole of pyruvate, it assayed 20.8 units; 
with 6 wymoles of pyruvate, it assayed 24.4 units. For assay with L-lactate as sub- 
strate (10), experimental cuvettes contained 100 uwmoles of glycine-KOH buffer at 
pH 9.7, 30 umoles or 10 wmoles of potassium L-lactate as shown, about 8 y of lactic 
dehydrogenase from muscle, 1.5 hmoles of DPN?*, inhibitor as indicated, and water 
to make the final volume 3.0 ml. The enzyme was added at zero time, and the in- 
crease in optical density at 340 my was measured as described above. The uninhib- 
ited enzyme assayed 12.1 units with 30 umoles of L-lactate and 6.3 units with 10 
umoles of -lactate. 


the rate measurement is made. Analogous experiments on the inhibition 
of the reduction of glyoxylate by muscle lactic dehydrogenase (11) instead 
of glyoxylic acid reductase have given similar results. 


Effect of Sodium Hydroxymethanesulfonate on Other Enzymatic 
Oxidations of a-Hydroxy Acids 


In order to test further the specificity of sodium hydroxymethanesul- 
fonate as an inhibitor, the effect of this compound on p-glyceric acid de- 
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hydrogenase (12) and malic dehydrogenase was examined. p-Glyceric 
acid dehydrogenase activity is associated with the crystalline glyoxylic acid 
reductase of tobacco leaves (2) and, accordingly, this preparation was 
used. Assays were carried out spectrophotometrically, by the method de- 
scribed in Table IV for lactic dehydrogenase, with sodium pyrophosphate 
buffer at pH 8.9, potassium p.L-glycerate, 0.9 umole of DPNt, and about 
10 y of glyoxylic acid reductase. At a final concentration of p-glycerate 
of 0.033 m, 11.2 units of enzyme were assayed, and, at a concentration of 
0.017 m, 10.8 units were found. The concentration of sodium hydroxy- 
methanesulfonate required to give 50 per cent inhibition was 9.0 X 10> 
M at 0.033 m p-glycerate and 5.7 X 10-4 m at 0.017 m p-glycerate. Thus 
sodium hydroxymethanesulfonate is considerably less effective as an in- 
hibitor of the oxidation of p-glyceric acid than it is of the oxidation of 
glycolic and lactic acids. On the other hand, with sodium bisulfite, 
5 X 10-‘ M, and p-glycerate, 0.017 m, 84 per cent inhibition was observed. 
Again by analogy with the experiments cited in Tables II and III, the 
effect of bisulfite may be attributed to the a-hydroxysulfonate produced by 
the interaction with the hydroxypyruvate formed. 

Malic dehydrogenase was assayed in the same manner as bD-glyceric acid 
dehydrogenase with potassium L-malate and 0.45 umole of DPNt. Of 
the preparations of malic dehydrogenase examined, one was an ammonium 
sulfate fraction precipitated between 40 and 100 per cent of saturation from 
an extract of tobacco leaves. The other was a partially purified com- 
mercial preparation from pig heart. The results were similar with both 
preparations. At 0.033 m L-malate, no inhibition was observed with 0.01 
M sodium hydroxymethanesulfonate. The effect of sodium bisulfite at the 
latter concentration is difficult to evaluate because of its non-enzymatic 
reaction with DPN+ (13). With the partially purified malic dehydrogenase 
at 0.1 mM malate, 0.01 m sodium bisulfite apparently inhibited the rate of the 
reaction by 77 per cent. 


DISCUSSION 


Because it reacts so readily with carbonyl compounds, bisulfite has fre- 
quently been used as a trapping agent in enzymatic reactions. Carbonyl- 
trapping reagents are required in systems that have been used for the assay 
of lactic dehydrogenase (14), but there is no record of the use of bisulfite 
for this purpose. In view of the experiments reported here, it is clear that 
bisulfite would have severely inhibited such systems. There are also 
reports that bisulfite can inhibit enzymatic reactions by interacting with the 
substrate (15). Inasmuch as bisulfite combines with DPN+ under certain 
conditions (13), enzymatic inhibition might be observed because of this 
reaction. 
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The inhibition by bisulfite of the oxidation of glycolate by glycolic acid 
oxidase is brought about by the a-hydroxysulfonate formed from the 
glyoxylate produced. This observation suggests that the analogous inhi- 
bitions of the oxidation of L-lactate, L-malate, and p-glycerate, which were 
examined, arise from the same mechanism. 

Sodium 1-hydroxy-l-ethanesulfonate (acetaldehyde-bisulfite) in par- 
ticular is much more effective against muscle lactic dehydrogenase when 
the reaction is measured from the side of L-lactate oxidation under the con- 
ditions shown in Table IV. The smaller effect of the inhibitor, when 
measurement is made from the pyruvate side of the reaction, may arise in 
part from the lower Michaelis constant for pyruvate than for L-lactate. 
It is also possible that the enzymatic sites are altered by the different sub- 
strates or by the conditions of assay in the two opposite directions. These 
inhibitors might prove useful in studies of the mechanism of action of this 
enzyme. 

Sodium hydroxymethanesulfonate (formaldehyde-bisulfite) is stable at 
boiling temperature, and a 10 N solution liberates hardly any formaldehyde 
(7) when refluxed with sodium carbonate. As an inhibitor, the substance 
seems to be fairly specific in its action. It strongly inhibits the oxidation 
of glycolate (Reaction 3) without affecting the reduction of glyoxylate 
(Reaction 2). If the terminal respiratory system which involves these two 
reactions operates to a significant extent zn vivo, it should be possible to 
devise conditions under which the oxygen uptake of intact leaf tissue is 
inhibited and at the same time glycolic acid accumulates. 


Methods and Preparations 


Sodium hydroxymethanesulfonate monohydrate was obtained as large 
lustrous plates (7) from the reaction of formaldehyde with sodium bisulfite. 
It was crystallized three times from 60 per cent ethanol. Sodium, calcu- 
lated 15.1; found 15.8 per cent. Sodium 1-hydroxy-1-ethanesulfonate was 
prepared in a similar manner from acetaldehyde. Disodium sulfoglycolate 
was prepared as described by Weinhouse and Friedmann (16). Sodium 
glyoxylate monohydrate was prepared by the method of Radin and Metzler 
(17), and potassium pyruvate was made by the method of Korkes et al. 
(18). DPNH was prepared with dithionite (19). A preparation of 
glycolic acid oxidase from spinach leaves of about 25 per cent purity ob- 
tained by a modified procedure (1) was a gift of N. A. Frigerio of Yale 
University. Crystalline lactic dehydrogenase of rabbit muscle (20) was 
provided by Dr. E. Racker. 


Grateful acknowledgment is made to Dr. Hubert B. Vickery for helpful 
discussions. Appreciation is also expressed to the National Science Foun- 
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dation for a grant which provided part of the financial support for this 
investigation. 


SUMMARY 


Sodium hydroxymethanesulfonate (formaldehyde-bisulfite) competitively 
inhibits the oxidation of glycolate by glycolic acid oxidase of spinach (Fre 
leaves. The inhibition is effective at concentrations of inhibitor 1 per | 
cent of that of the substrate. Other a-hydroxysulfonates such as sodium © 
1-hydroxy-1l-ethanesulfonate (acetaldehyde-bisulfite) and disodium sulfo- | 
glycolate (glyoxylate-bisulfite), and sodium bisulfite itself, are about equal | 


in effectiveness in the inhibition of the oxidation of glycolate. The inhi- In | 
bition brought about by sodium bisulfite arises from the a-hydroxysulfo- | }Y dro 
nate formed from the glyoxylate that is produced in the reaction. previc 
The a-hydroxysulfonates studied effectively inhibit the enzymatic oxi- | 1#™&« 
dation of L(+)-lactate by glycolic acid oxidase and by muscle lactic the m 
dehydrogenase, but are less effective in inhibiting the oxidation of p-glyc- has be 
erate and are ineffective against the oxidation of L-malate. Sodium bi- | (“) 
sulfite inhibits all of these reactions probably through the formation of | 5° | 
a-hydroxysulfonates with the products. Sodium hydroxymethanesulfo- droly . 
nate is not an effective inhibitor of the enzymatic reduction of glyoxylate | ™° 
by glyoxylic acid reductase of tobacco leaves or of the enzymatic reduction Bec 
of pyruvate by muscle lactic dehydrogenase. ~ ie 
escri 
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In 1937, Bergmann and Fruton (3) recognized that glycyl-L-proline is 
hydrolyzed by an enzyme from intestinal mucosa which is distinct from 
previously known peptidases. Since that time, this enzyme, which was 
named prolidase, has been shown to be present in many animal tissues (4), 
the main features of its specificity have been delineated (2, 5, 6), and it 
has been obtained in partially purified form from swine intestinal mucosa 
(7) and from equine erythrocytes (5). The specificity of prolidase is unique 
in so far as it is the only enzyme known which can catalyze the rapid hy- 
drolysis of compounds in which the sensitive peptide bond involves the 
imino nitrogen of proline or hydroxyproline. 

Because there is only a small quantity of prolidase in animal tissues, 
extensive purification has not been reported previously. We now wish to 
describe methods by which prolidase preparations may be obtained from 
swine kidney which are approximately 12,000 times more active than 
crude, aqueous extracts of this organ. Although only small amounts of 
this labile enzyme have been obtained, some of its properties have been 
determined and the characteristic features of its specificity, previously 
studied with cruder preparations from other sources, have been ascer- 
tained. 


EXPERIMENTAL 


Methods—During the purification of the enzyme, the activity was de- 
termined by incubating a sample at 40° for 1 hour in a solution containing 
0.02 m MnCl, and 0.04 m tris(hydroxymethyl)aminomethane (Tris) buffer 
at pH 7.8 to 8.0. A clarified aliquot was then added to a 2.5 ml. volu- 
metric flask containing 0.05 m glycyl-L-proline, with buffer and Mn** at 
the same concentration as in the activation mixture. All the data refer to 
the soluble protein at each step of the purification. 

Hydrolysis was determined on 0.2 ml. aliquots by the microtitration 


* This investigation was aided by a research grant from the National Institutes of 
Health, United States Public Health Service. Preliminary accounts of some of this 
work have been presented (1, 2). 
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method of Grassmann and Heyde (8) as used in this laboratory (9). 109 | kilos) 
per cent hydrolysis represents the scission of one peptide bond. The en- | with 
zyme activity is expressed as the first order proteolytic coefficient, C, = | ing b 
K,/E, where K, is the first order rate constant calculated in minutes and | ethan 
decimal logarithms. F is the enzyme concentration in mg. of protein N | ml. p 
per ml. of the test solution. Protein N was determined by the Biicher | proce 
turbidimetric method (10) or, for the highly purified material, by using a | 4 rick 
weighed amount of protein and assuming a content of 16 per cent pro- | tifug 
tein N. Ac 

An estimate of the purity of various preparations is given by the value | After 
of C;. Units were calculated by multiplying C; (for hydrolysis of glycyl-1- | ner ft 
proline) by the total number of mg. of protein N. In all cases the units { tone 


and C; are calculated for the soluble protein present in the fraction. over 
carde 

Purification Bich 

with 

Although swine kidney is the best known source for prolidase, the enzyme powd 

is present only in small amounts; this requires handling relatively large conta 


amounts of material. The purification is further complicated by the in- 9600 
stability of the acetone-desiccated powder, which is the starting material, 
and of the lyophilized powders at later stages of purification. Acetone- Ste 
desiccated powder from Step 1 below lost about half of its activity after 
1 year in a deep freeze, and the lyophilized powder from Step 2 below lost at 40 
about half of its activity after 4 weeks under the same conditions. Nei- trifug 
ther powder would then yield in a satisfactory manner to the subsequent ahd 
purification steps (Steps 3 to 6) described below. This instability renders | , in 
it inconvenient to accumulate large amounts of starting material. —e 
The first steps of the procedure have been performed many times and Sol 
are easily reproducible. The final steps have been repeated a number of | ¢¢ 0. 
times and, although some variations in yield and activity have been ob- at 4( 
served, a highly purified preparation can be achieved readily by the pro- 
cedure given below. Because the enzyme lability persists during pur- bath 
fication by chemical methods, other procedures were studied, including 
zone electrophoresis on paper and on starch columns. The enzyme could 70 m 
be purified to a considerable extent by these methods, but such prepara- pend 
tions proved to be even more labile; these procedures are described sepa- lyop! 
rately. 700 t 
The procedure given below is for a representative run. Inasmuch as C, 
Step 1 gives a considerable purification, it is useful to note that a clar- 
ified, aqueous extract of kidney has a C; = 0.01. It may be calculated © rae 
that 10 kilos of kidney treated in this manner contain 1.2 kilos of soluble i 
protein in the extract and 2000 units of activity. activi 
Step 1. Preparation of Acetone Powder—Fresh frozen swine kidney (10 | Undo 
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kilos) is ground in a mechanical meat grinder and then treated in portions 
with an equal volume (10 liters) of 53.3 per cent ethanol at —5° in a War- 
ing blendor. 4 liters of 95 per cent ethanol at —20° are added to bring the 
ethanol concentration to approximately 40 per cent, and chloroform (65 
ml. per kilo of tissue) is added to remove hemoglobin by the Tsuchihashi 
procedure as described by Keilin and Mann (11). The insoluble material, 
arich source of other peptidases (12, 13), is removed in portions by cen- 
trifugation at 0-5°. 

Acetone at —20° is added to the supernatant fluid (250 ml. per liter). 
After 1 hour in the cold, the precipitate is removed by filtration on a Biich- 
ner funnel with the aid of Celite. ‘To the clear, yellow filtrate more ace- 
tone is added (750 ml. per liter), and the precipitate is allowed to settle 
overnight at 2°. The clear supernatant fluid is siphoned off and dis- 
carded. ‘The precipitate is collected by centrifugation, washed on to a 
Bichner funnel with acetone, washed repeatedly with acetone and then 
with ether, and dried in the air. The yield is 30 to 40 gm. of a light tan 
powder. Extraction of this powder with 0.02 m MnCl, gives a solution 
containing about 10.5 gm. of soluble protein with a C; = 2 to 3. About 
2600 units are obtained.!' The powders from three such preparations are 
pooled for the next step. 

Step 2. Treatment with Mnt+, Ammonium Sulfate, and Acetone—The 
acetone-dried powder (103 gm.) is extracted with 2.5 liters of 0.02 m MnCl, 
at 40° for 1 hour. The mixture is centrifuged, the clear, dark brown cen- 
trifugate (pH 6.0 to 6.5) is cooled to 0°, and solid ammonium sulfate is 
added to bring the solution to 0.5 saturation (312 gm. per liter). After 
1 hour at 2°, the precipitate is collected by centrifugation, dissolved in 
the minimal amount of water, and dialyzed until free of sulfate. 

Solid MnCl: is added to the dialyzed solution to give a concentration 
of 0.02 m, which brings the solution to pH 5.4 to 5.6. The solution is kept 
at 40° for 20 minutes. The inactive precipitate is removed by centrifu- 
gation and discarded. The solution is cooled to 0° in an alcohol-dry ice 
bath and the temperature is gradually lowered to about — 10°, as acetone, 
pre-cooled to — 20°, is slowly added in a ratio of 30 ml. of acetone for each 
70 ml. After 1 hour, the precipitate is collected by centrifugation, sus- 
pended in a small amount of water, frozen in an alcohol-dry ice bath, and 
lyophilized. Yield, 3 to 4 gm. (from 10 kilos of kidney), of which about 
700 to 800 mg. are soluble in 0.02 m MnCl, solution. Total units, 2500; 
C; = 20 to 30. 


'It is noteworthy that the purification obtained in Step 1 is 200- to 300-fold, and 
that extracts of this powder contain prolidase, which is already much purer than that 
obtained earlier from intestinal mucosa (7) or erythrocytes (5). The recovery of 
activity is about 120 per cent of that which can be extracted initially from kidney. 
Undoubtedly, inhibitors are removed during Step 1. 
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In contrast to Steps 1 and 2, Steps 3 to 6 have shown some variation, 
but each step has resulted in the purification indicated on a number of 
occasions. Yields of activity are not given since the steps have been per- 
formed on different batches of material. 

Step 3. Ethanol Precipitation—Material with C,; = 20 to 28 (1 gm.) is 
extracted with 25 ml. of water and centrifuged. The clear centrifugate 
is made 0.02 mM in NaCl and adjusted to pH 6.0. Any precipitate is re. 
moved by centrifugation. After cooling to 1°, an equal volume of 53.3 
per cent ethanol at —20° is added to give a 25 per cent ethanol solution. 
The precipitate is removed by centrifugation and the clear centrifugate 
treated with half its volume of cold 95 per cent ethanol. After 1 hour, 
the precipitate is collected by centrifugation, suspended in a small volume 
of water, frozen, and lyophilized. Yield, 350 to 450 mg.; Ci = 50 to 52. 

Step 4. Acetone Precipitation—Prolidase of C, = 50 to 52 (500 mg.) is 
dissolved in 20 ml. of 0.02 M MnCl, adjusted to pH 7.0 with 0.1 nN NaOH, 
and incubated at 40° for 15 minutes. After the insoluble material is re- 
moved by centrifugation, the clear solution is cooled, brought to 30 per 
cent concentration of acetone at —20°, and allowed to stand for 1 hour, 
The precipitate is collected by centrifugation, frozen, and _ lyophilized. 
Yield, 250 to 300 mg.; C, = 70 to 75. 

Step 5. Treatment with MnCl, and Glutathione—Material obtained from 
two batches, prepared according to Step 4 (500 mg.; C; = 70 to 75), is 
dissolved in 10 ml. of a solution containing 0.02 m MnCl. and 0.002 u 
glutathione, and 10 ml. of 0.1 m Tris buffer (pH 7.8) are added. After 
incubation at 40° for 30 minutes, the precipitate is removed by centrifu- 
gation and the supernatant fluid is frozen and lyophilized. Yield, 250 to 
300 mg.; Ci = 90 to 95. 

Further purification of prolidase has been accomplished by two different 
methods. By each procedure described below, precipitates were obtained 
which exhibited a silky sheen similar to that given by many crystalline 
proteins, but the crystals were too small to be identified under the micro- 
scope. Moreover, the active material obtained by these procedures was 
too unstable to permit attempts at growing larger crystals. 

Step 6 (A). Ammonium Sulfate Precipitation—The material from Step 5 
(100 mg.) is dissolved in 4 ml. of water and centrifuged. The clear cen- 
trifugate is cooled and brought to 0.5 saturation by the addition of solid 
ammonium sulfate. After 1 hour in the cold, the precipitate is removed 
by centrifugation, and the clear centrifugate is brought to 70 per cent 
saturation with ammonium sulfate and allowed to stand for 1 hour. The 
highly purified prolidase forms as a fine silky precipitate which is collected 
by centrifugation; it is dialyzed, frozen, and lyophilized. Yield, 11 mg.; 
C, = 116. 
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(B) Ethanol Precipitation—Powder from Step 5 (100 mg.) is dissolved 
in 5 ml. of a 0.02 m solution of ethylenediaminetetraacetate (Versene) at 
pH 6.0. The slight precipitate is removed by centrifugation and the clear 
supernatant fluid is cooled; 7.5 ml. of cold (—20°) 95 per cent ethanol is 
added slowly. The very fine precipitate with a silky sheen which forms 
during a period of 2 to 3 hours is collected by centrifugation, dissolved in 
the minimal amount of water, and dialyzed overnight against distilled 
water. A white precipitate which forms during the dialysis is removed 
by centrifugation. The clear centrifugate is frozen and_ lyophilized. 
Yield, 10 mg.; C; = 120. 


Starch Column Electrophoresis 


Preliminary studies with electrophoresis on paper were made with prepa- 
rations of C; = 50. The assembly and method have been described pre- 
viously (13). In a typical experiment, electrophoresis was performed for 
I8 hours at 2° in 0.1 ionic strength Veronal (diethylbarbiturate) buffer at 
pH 8.4 to 8.6. The protein migrated about 6 cm. toward the anode and 
showed two poorly resolved bands. On elution with 0.04 m Tris buffer at 
pH 8.1, the faster component had a C; = 70 and the slower component, 
(, = 20. There were approximately equal amounts of protein in each 
band, as determined turbidimetrically on aliquots of the eluate. 

Inasmuch as some resolution was achieved under these conditions, fur- 
ther studies were performed on vertical starch columns because of the 
greater capacity and higher resolving power. The apparatus used in this 
laboratory was modified from the one used by Flodin and Porath (14) and 
will be described elsewhere.2 The supporting medium was commercial 
potato starch which had been thoroughly washed and passed through a 
200 mesh sieve. Electrophoresis of the protein solution was performed 
at 5° in 0.075 m Veronal solution, at pH 8.4 to 8.6, which contained 0.005 
m MgCl.. A current of 30 ma. at 320 volts was applied for a period of 
18 to 21 hours. At the end of the electrophoresis, the enzyme was dis- 
placed from the starch column with fresh buffer. An automatic fraction 
collector was used to collect 2 ml. samples. About 100 to 200 mg. of pro- 
tein were used for each run and, under the conditions given above, the 
peak of enzymatic activity was found usually in Tubes 16 to 20. The 
eluted protein solutions were invariably opalescent and the enzyme rather 
unstable (50 per cent loss of activity in 24 hours at 2°). Therefore, the 
fractions were assayed as collected. By this procedure, enzyme solutions 
displaying high activity (C,; = 100 to 120) were obtained in good yield 
from starting material ranging from C, = 30 to 50. Fig. 1 shows the re- 


*R. L. Hill, D. M. Brown, and E. L. Smith, unpublished studies. 
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sults for a representative run. At least three components are apparent, | Com} 
The fastest component (peak at Tube 12) represents about 25 per cent | cates 
of the total protein and the slowest component (peak at Tube 24) some | A 
15 per cent. The prolidase activity was found in the middle component | coeffi 


and represents approximately 60 per cent of the protein. 120 t 
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TUBE NUMBER 
Fig. 1. Elution curve from an electrophoretic run on a starch column of 100 mg. | 


of a preparation of prolidase with an initial C; = 50. Electrophoresis was performed | 
for 18 hours at 30 ma. and 320 volts at 5°. The medium was 0.075 m Veronal buffer — 1 


(pH 8.5) containing 0.005 m MgCl;. Displacement was performed at 5° with the 
same buffer, and 2 ml. fractions were collected. After appropriate dilution, aliquots 
were incubated for 15 minutes at 40° with 0.01 m Mn** and 0.001 m glutathione in ment 
0.04 m Tris buffer at pH 8.0 prior to assaying with glycyl-L-proline. Protein concen- total 
tration (solid line) was estimated turbidimetrically (10). The dash line represents ns . 
C 1- 0 | 
aratic 
Physical Studies Sugge 
Precise electrophoretic and ultracentrifuge data are difficult to obtain vi : 
because of the lability of the purified enzyme in solution. Usually about © eam 


one-half of the activity is lost during the dialysis required for equilibration 
with the buffer system. This loss in activity is not prevented by adding 
either Mn++ or glutathione (GSH) or both. Electrophoresis, in the ab- Ep 
sence of both Mn** and GSH, seems to give better results. Table I pre- hydr 
sents the results of electrophoretic runs made at four different stages of Wide 
purification by the chemical procedures described above. These observa- Ep 
tions suggest that the enzyme is associated with the fraction possessing an 
average mobility of about —5.2 + 0.5 & 10-5 sq. cm. per volt per second. 
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Comparison with the results of electrophoresis on starch (Fig. 1) also indi- 
cates that this is the active component. 

A graph of the amount of Component 3 as a function of the proteolytic 
efficient suggests that the best preparations obtained, those with a C) = 
120 to 125, contain about 90 per cent of the protein as prolidase. 

A sample of prolidase with a C, = 100, identical with that used for elec- 
trophoresis (Table I), was studied in a Spinco ultracentrifuge under con- 
ventional conditions at room temperature. The runs were made at 59,780 
rp.m. at pH 7.9 in Veronal buffer at 0.1 or 0.2 ionic strength. Samples 
were studied with and without added MnCl, (0.02 m) and glutathione. 
All of the results were essentially similar in showing two major compo- 
nents; one with s2,. = 6.4 8 represented about 75 per cent of the sedi- 


TABLE I 
Electrophoresis of Prolidase at Different Stages of Purification 
The runs were performed in a Tiselius apparatus at 1.5° in Veronal buffer of 0.1 
ionic strength at pH 7.8 to 7.9, which contained 0.035 m ethylenediaminetetraace- 
tate. The mobilities (u) are in sq. em. per volt per second. 


Component 1 Component 2 Component 3 Component 4 


tration 
Amount} » X 105 |Amount} X 105 Amount) 10° Amount) w X 10° 
35 1.4 10 1.8 54 4.1 29 5.4 7 7.6 
50 0.5 53 4.9 47 6.4 
74 1.0 26 4.3 71 5.6 3 8.2 
100 0.7 7 2.6 18 3.5 71 4.7 4 6.8 


menting area, the other with so, = 4.2 S was about 25 per cent of the 
total area. Inasmuch as the amount of the heavier component is similar 
to the amount of the active electrophoretic component in the same prep- 
aration, it is likely that prolidase possesses 829, of about 6.4 8S, which would 


_ suggest a molecular weight of approximately 150,000.* 


More definite physical studies are required, but will have to await a 
better understanding of the stabilization of the enzymatic activity and the 


_ availability of more material. 


Enzymatic Properties 
Effect of Enzyme Concentration—The first order rate constant for the 
hydrolysis of glycyl-L-proline is linear with enzyme concentration over a 
wide range (Fig. 2). C, for this preparation was about 55. 
Effect of pH—Fig. 3 shows that the optimal action is at pH 8.0 for both 


* We are indebted to Mr. Douglas M. Brown for his help in performing the physical 
studies reported in this section. 
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glycyl-t-proline and glycylhydroxy-t-proline for a preparation of very 


high activity. The optimal pH for erythrocyte prolidase is also at pH 7.8 ie 
to 8.0 (5). wali , 


Turnover Number—It may be assumed that pure prolidase has a C; value perfo 
at least as high as 130 and, in fact, preparations have been obtained with 
at least this activity on some occasions. With C,; = 130, it may be cal- 
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Fic. 2. Rate of hydrolysis (K,) of glycyl-.-proline as a function of enzyme con- 
centration. The enzyme (EF = 16 y of protein N per ml.) was activated with 0.02M | pipjt; 
Mn** and 0.002 m glutathione at pH 8.0 in 0.04 m Tris buffer for 30 minutes at 40°. Hgt+ 
Aliquots were withdrawn and diluted for assay in 0.04 m Tris buffer at pH 8.0 and 40°. 

Fic. 3. The effect of pH on the rate of hydrolysis of glycyl-t-proline (GP) and | = ** 
glycylhydroxy-.-proline (GHP) at 0.05 m concentration in the presence of 0.001 m [ In Fi 
Mn**, 0.0001 m glutathione, and 0.04 m Tris-cacodylate buffer (12). The enzyme It. 
concentration was 0.05 y of protein N per ml. for glycyl-L-proline, and 0.5 ¥ for glycyl- Mn+ 
hydroxy-.-proline. 


culated that at 40°, pH 8.0, and a substrate concentration of 0.05 M, the 
turnover number is approximately 350,000 moles of glycyl-L-proline hy- (5 m 
drolyzed per minute per 100,000 gm. of enzyme. This value is higher than ‘atte 

eucit 
that obtained for any known proteolytic enzyme and, indeed, there are EA 
only a few known enzymes which have a greater turnover number. 


Effect of Metal Ions—It has already been demonstrated that prolidase | "> 
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fom swine intestinal mucosa (7) and equine erythrocytes (5) manifests a 
gecific requirement for Mn++. This is also the case for swine kidney 
prolidase. Because the later steps of purification, described above, are 
performed in the presence of Mnt-, it is impossible to carry out quanti- 
tative studies on such preparations. Some experiments with partially 
purified samples are described since they indicate some of the properties 
of the enzyme. 

A preparation with C,; = 13, without added metal ions, gave C; = 32 
with 0.002 m MnCl, in 0.05 m Tris buffer at pH 7.8. Studies with other 
metal ions at the same concentration gave C; = 12 to 13 with Mg** and 


'Fe+++, With the following metal ions, essentially or nearly complete in- 


40K | | 
C, 
20r- 


| { | | 
-4 -3 -2 
Log Conc. Mn*t 

Fic. 4. Prolidase activity as a function of Mn*+ concentration. The enzyme 
solution (ZF = 0.1 y of protein N per ml.) was incubated at 40° for 30 minutes in 0.08 
Tris buffer at pH 7.8 at different Mn*t* concentrations. The assays were per- 
formed on aliquots of these solutions at 40° in 0.04 m Tris at pH 7.8 and at the indi- 
cated Mn**+ concentration, which was one-tenth that in the incubation flask. The 
point in brackets was estimated under the same conditions without added Mn**. 


hibition was observed: Fet++, Cot+, Nit*+, Cut, Zn*+*, Cd**, Agt, 
Hgt*, Pbt+, and Pt+++, 

The effect of Mn++ concentration on partially purified prolidase is seen 
in Fig. 4. Optimal activity was obtained at 0.01 m MnCl. 

It has been previously noted (4, 5, 15) that activation of prolidase by 
Mn*+ requires some time to achieve optimal activity. With crude prepa- 
rations from swine kidney, it was found that about 1 hour of incubation 
of Mn++ and protein was needed to obtain optimal activity. However, 
with more highly purified preparations, optimal activity was obtained in 
15 minutes. Such a change in activation time has been noted also for the 
leucine aminopeptidase of swine kidney (16). 

Effect of Glutathione—Study of the activation curves for prolidase is 
complicated by differences in behavior of preparations at various levels of 
purity and by the lability of the enzyme on prolonged incubation with 
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Mn?** in the absence of substrate. With many preparations, both a higher 
activity and a greater stability were achieved by addition of glutathione. 
A representative study appears in Fig. 5. 

With another, less active preparation of prolidase, it was found that 
optimal stabilization and activity were obtained with about 0.001 glu. 
tathione in the incubation flask and 0.00004 m in the assay flask (Table 
II). Higher concentrations of the reducing agent produced inhibition of 
the enzyme. 

Sulfhydryl Reagents—The effect of glutathione in producing both greater 
stability and activity when compared to the action of Mn++ alone suggests 


40 


= 


306 
20 


10 


| 


| | | 
2 


8 


4 6 
TIME ~ HOURS 


Fia. 5. Effect of glutathione (GSH) on the activity and stability of prolidase with 
MnCl:. Prolidase (3.6 y of protein N per ml.) was incubated in Experiment A with 
0.01 m Mn**, and in Experiment B with 0.01 m Mn** and 0.001 m glutathione at 40° 
and pH 7.8 with 0.04 m Tris buffer. At appropriate times, aliquots were assayed. 
In the assay flasks, EF = 0.29 y of protein N per ml., Mnt+ = 0.001 m, Tris = 0.03 m, 
and glutathione (in Experiment B only) = 0.0001 . 


that a sulfhydryl group is concerned in the activity of the enzyme. Ac- 
cordingly, the action of the specific inhibitors, iodoacetamide (IAA) and 
p-chloromercuribenzoate (PCMB), was investigated. Both compounds 
were found to be potent inhibitors of prolidase. 

Fig. 6 shows the effect of log PCMB concentration on the activity of 
prolidase, the curve being the theoretical one derived from the mass law 
equation for the reaction of 1 mole of inhibitor with each active site of the 
enzyme (17). The enzyme is inhibited 50 per cent at a concentration of 
PCMB of 6.3 X 10-5 m. The enzyme preparation used for this study had 
an initial C, without inhibitor equal to 140. With 5 * 10-4 m PCMB, 
C, was 3. On addition of 10-? m glutathione, the original activity (Ci = 
140) was obtained, which indicates that the inhibition produced by PCMB 
is reversible. Moreover, according to the data in Table III, obtained with 
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4 preparation of lower purity, the order of addition of Mn*-, glutathione, 
or PCMB does not alter the results obtained. 

Inhibition with iodoacetamide, being irreversible, presents a different 
picture and, as indicated in Table IV, the order of addition is important. 


TABLE II 
Effect of Glutathione on Prolidase Activity 


Enzyme (6.0 y of protein N per ml.) was incubated for 30 minutes at 40° and pH 
80 with varying concentrations of glutathione. MnClz was added to make each 
solution 0.02 mM, and incubation was continued for 30 minutes longer. Aliquots were 
then withdrawn and assayed with 0.05 m glycyl-L-proline at pH 8.0 in Tris buffer at 
0.03 Mm. Enzyme in assay flasks was 0.24 y of protein N per ml. Concentration of 
MnCl, and glutathione is given for the test solutions. In the incubation flasks, 
GSH concentration was 25 times greater and MnCl: was 0.02 m. 


Test solution Ci 

‘+ 0.00002 m glutathione................. 10 


3 


Nm 


RELATIVE ACTIVITY 


=f —6 
LOG CONC. p-CHLOROMERCURIBENZOATE 


Fic. 6. Effect of p-chloromercuribenzoate on prolidase activity. The enzyme 
(2.0 y of protein N per ml.) was incubated with 0.01 m MnCl, for 30 minutes at 40° 
and at pH 7.8 before assaying. Aliquots were removed and added to solutions con- 
taining inhibitor. After 5 minutes, the substrate was added. In the assay flasks, 
E = 0.2 y of protein N per ml.; Mn++ = 0.001 m, and Tris = 0.04 m. The values 
plotted for the inhibitor are final concentrations. Activity is plotted as per cent of 
control value without inhibitor. 
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If the Mn* is incubated with the enzyme prior to the addition of IAA 
(Experiment B), there is little or no inhibition. However, if the enzyme 
is treated with IAA prior to the addition of Mn** (Experiment A), almost 
complete inhibition is finally observed and this inhibition is not reversed 


TaBLeE III 
Inhibition by p-Chloromercuribenzoate 

Enzyme (£) was incubated at 40° in 0.067 m Tris buffer at pH 7.8 with additions 
made at the times indicated. Aliquots were withdrawn and assayed with 0.05 y 
glycyl-L-proline. Concentrations were as follows: for incubation, protein N = 
8.57, glutathione = 1.7 X 10-3m, Mn** = 2 X 10°? m, and PCMB = 6.7 X 10-5 m; for 
assay, protein N = 0.34 7, GSH = 6.7 K 10-5 mM, Mn*+ = 1.4 X 1073 m, and 
PCMB = 2.8 X 10-* 


Additions to incubation 
Sample No. Ci 
0 min. 5 min. 20 min. 50 min. 
1 E Mntt 23 
2 GSH 30 
3 PCMB 0 
4 + PCMB 0 
5 ‘4+ GSH PCMB 23 
6 + PCMB GSH 23 
TABLE IV 


Inhibition of Prolidase by Iodoacetamide 


Enzyme at 0.002 mg. of protein N per ml. was incubated at 40° in 0.085 m Tris 
at pH 7.8 with 4 X 10-3 Mm iodoacetamide. In Experiment A, no Mn** was present 
during incubation or assay; in Experiment B, 0.02 m MnCl, was present during in- 
cubation and 0.002 m during the assay. In each case, aliquots were withdrawn at 
the times indicated and assayed with 0.05 m glycyl-L-proline. Enzyme concentra- 
tion in the test solution was 0.2 y of protein N per ml., and IAA = 4 X 107‘ M. 


C1 
Experiment Time of incubation sae to 
Control With IAA 
hrs. per cent 
A 0 63 63 100 
0.5 55 49 90 
1.0 45 31 7 
2.0 37 14 38 
7.5 13 0 0 
B 0 98 98 100 
0.5 100 100 100 
1.0 60 70 117 
| 2.0 70 70 | 100 
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by either glutathione or cysteine. It may be noted that, in the experi- 
ments both with and without Mnt*, some activity is progressively lost 
in the control incubations, and that the progressive inhibition produced 
by IAA in the absence of Mn** can be estimated only by comparison with 
the control. 

These observations suggest that the enzyme possesses an essential sulf- 
hydryl group. Since Mn** can protect against inhibition by IAA, it is 
likely that the metal ion is attached to the sulfhydryl group. The pres- 
ence of an essential sulfhydryl group would explain also the strong in- 


TABLE V 
Action of Prolidase on Various Compounds 


Tests were performed with 0.05 m substrate, except for pL compounds which were 
at 0.10 m. Incubation was at 40° in 0.04 m Tris buffer at pH 7.8. With glycyl-.- 
proline the enzyme concentration was 0.34 y of protein N per ml. of assay solution; 
for all other compounds the concentration was 10 times greater. The enzyme was 
incubated for 30 minutes with 0.02 mM MnCl: and 0.001 m glutathione before the assay. 
Test solutions were incubated for 24 hours, except for glycyl-L-proline, which was 90 
per cent hydrolyzed in 80 minutes. A C, of 0 indicates that no hydrolysis could be 
detected in 24 hours. 


Compound C1 Compound Ci 
Glyeyl-L-proline 38 Glycyl-pL-valine 0.04 
L-Prolylglycine 0.02 | Glycyl-L-tryptophan 0.02 
L-Leucylglycine 0.01 | Glycyl-L-tyrosine 0 
Glyeyl-L-leucine 0.02 | Carbobenzoxyglycyl-L-tryptophan 0 
Glyeylglycine 0 0 
Triglycine 0 L-Leucinamide 0 
pL-Alanyl glycine 0 B-Alanyl-u-histidine (carnosine) 
Glyeyl-pt-alanine 0.2 


hibitory effect of the various heavy metal ions noted above. A discussion 
of the possible role of Mn++ and its binding with protein and substrate 
has been presented elsewhere (2). 

Enzymatic Purity—In Table V are presented the results of assaying a 
partially purified prolidase, C; = 38, for activity toward a number of com- 
pounds which are representative substrates for proteolytic activities known 
to be present in swine kidney. It is evident that this preparation contains 
only traces of certain contaminating proteolytic enzymes. Since prepara- 
tions of this level of activity are easy to prepare by the first few steps de- 
scribed above, the low and almost negligible levels of most proteolytic 
enzymes are noteworthy. Preparations of prolidase with C, of 100 or 
greater do not contain detectable quantities of other proteolytic enzymes. 

Specificity—Highly purified prolidase from swine kidney shows the same 
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specificity as reported earlier for less highly purified preparations from 
equine erythrocytes (5, 6). There is no detectable action on peptides or 
peptide derivatives which have a peptide bond bearing a hydrogen on the 
peptide nitrogen. In Table VI are given the relative rates of hydrolysis 
for a number of compounds containing the imino peptide bond of L-proline 
or hydroxy-t-proline. Prolidase is a dipeptidase which requires both a 
free a-amino and a-carboxyl group in the substrate. There is no meas- 
urable action on tripeptides or on N-acyl derivatives. Other aspects of 
prolidase specificity have been described elsewhere (2). The enzyme may 
be classified as an imidodipeptidase. 


TABLE VI 
Action of Highly Purified Prolidase on Various Compounds 


This preparation of prolidase gave the highest Ci value obtained by the chemical 
fractionation method described above. For hydrolysis of glycyl-L-proline, E = 
0.1 y of protein N per ml., and for all other substrates 10 times this concentration. 
Activation was achieved by incubation of the enzyme for 30 minutes at 40° with 0.01 
M Mn** and 0.001 m glutathione at pH 7.8 in 0.04 m Tris buffer. Test solutions con- 
tained 0.001 m Mn** and 0.0001 m glutathione. Substrate concentration was 0.05 m 
for all the compounds tested. 


Compound C1 Compound Ci 
Glycyl-.-proline 126 6-Alanyl-.L-proline 0.2 
Glycylhydroxy-.t-proline 15 Dehydrophenylalanyl-L-pro- 0 
Glycylallohydroxy-.-proline 40 line 
Glycylmethoxy-.-proline 0.2 | Glycylglycyl-L-proline 0 
Glycylsarcosine 11 Glycyl-L-prolylglycine 0 
L-Phenylalanylhydroxy-L-pro- 15 Carbobenzoxyglycyl-L-proline| 0 

line Carbobenzoxyglycylhy- 0 
droxy-L-proline 


SUMMARY 


1. Methods have been described by which prolidase from swine kidney 
can be purified about 12,000-fold. The best final products exhibit a crys- 
talline sheen and appear to be about 90 per cent pure, as judged by physi- 
cal criteria. 

2. The enzyme exhibits a specific requirement for Mn++ and is stabilized 
to some extent by glutathione. The enzyme is inhibited by p-chloro- 
mercuribenzoate and iodoacetamide; this suggests the presence of an essen- 


tial sulfhydryl group. Inhibition by iodoacetamide is blocked by prior | 


addition of Mn++, which indicates that Mn++ may be bound to the sulf- 
hydryl group. 

3. The best preparations of prolidase appear to be free from other pro- 
teolytic activities known to be present in swine kidney. 
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4, The enzyme exhibits a narrow specificity. It can hydrolyze only 
dipeptides in which the sensitive peptide bond lacks a peptide hydrogen, 
as in glycyl-L-proline, glycylhydroxy-.-proline, glycylsarcosine, and simi- 
lar compounds. The enzyme may be classified as an imidodipeptidase. 
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THE SCATTERING OF LIGHT IN MYOSIN SOLUTIONS 
II. A DETERMINATION OF THE MOLECULAR WEIGHT* 


By JOSEPH C. RUPPT anno W. F. H. M. MOMMAERTS{ 


(From the Departments of Biochemistry of Duke University School 
of Medicine, Durham, North Carolina, and Western Reserve 
University School of Medicine, Cleveland, Ohio) 


(Received for publication, January 23, 1956) 


While turbidimetric measurements have been employed since 1942 (14, 
16) to gain information about molecular aggregation phenomena in my- 
osin systems, the first quantitative measurements on pure myosin were 
not performed until 1950 (17), when monodispersed preparations of this 
protein had become available (26, 22). These measurements yielded an 
acceptable value for the length of the myosin molecule (18), but those 
estimations of the molecular weight which were tentatively reported (17, 
28) did not appear to be final. Since that time, we have investigated the 
turbidimetric behavior of myosin in greater detail, and present in the 
present paper the outcome of that inquiry. Besides additional data on 
the light scattering dissymmetry, this includes the results of measurements 
of the perpendicularly scattered light and of the turbidity as determined 
by transmission measurements. Values on the molecular weight and 
length will be derived from these measurements. 


Methods 


Preparation of Myosin—Myosin was prepared from the psoas and leg 
muscles of curarized rabbits by the procedure of Mommaerts and Parrish 
(22) or by that of Green, Brown, and Mommaerts (7, 21), both of which 
contain essential features of the methods of Szent-Gyérgyi (29) and of 
Portzehl, Schramm, and Weber (26). Certain manipulations were altered 
to prevent contamination of the final product with suspended lipide. 
From the extract obtained by mincing muscle with 3 volumes of Guba- 
Straub (8, 21) solution (0.3 m KCl, 0.15 m K phosphate, pH 6.5), the my- 
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osin fraction was precipitated either by dialysis against water (22) or by 
dilution with water (26) to a final ionic strength of about 0.05. After cen- 
trifugation, the precipitate was dissolved by adding a measured amount 
of 2 m KCI and of water to bring the ionic strength to 0.28 (26). This 
results in reprecipitation of the actomyosin, which was removed, together 
with particulate matter, by centrifugation at 15,000 r.p.m. (Spinco pre- 
parative ultracentrifuge, No. 30 rotor) for 30 minutes. The sediment was 
discarded, and the supernatant fluid slowly diluted with water under 
continuous stirring to an ionic strength of 0.05 to effect crystallization of 
myosin. The precipitate was collected by centrifugation for 15 minutes at 
3000 r.p.m. (International refrigerated centrifuge with conical head). 
The sediment was dissolved at an ionic strength of 0.5 (0.4 m KCl with 
K phosphate buffer, pH 6.8) by the addition of a known amount of con- 
centrated buffered KCl. The solution was centrifuged for 2 hours at 
40,000 r.p.m. (No. 40 rotor of the preparative ultracentrifuge), the float- 
ing lipide was removed with a roll of surgical gauze, and the solution was 
filtered through a Pyrex brand grade M sintered glass filter. This opera- 
tion was repeated until no more lipide separated upon further centrifuga- 
tion. All operations were carried out in the cold, and all water used was 
purified by means of a mixed bed ion exchange resin tower. Myosin prep- 
arations so prepared have repeatedly been found to approach complete 
purity as judged by ultracentrifugal analysis. 

Analytical Procedures—Protein nitrogen was determined with the Kjel- 
dahl method of Ma and Zerazaga (13) or of Hiller, Plazin, and Van Slyke 
(10), and myosin contents were calculated on the basis of an N percentage 
of 16.20 (22). Myosin samples for these determinations were transferred 
with 1 ml. volumetric pipettes calibrated ‘‘to contain,’’ which were rinsed 
out with a small amount of solvent. A dry pipette was used for each 
individual transfer. 

Optical Measurements—Refractive index increments were determined 
with the Debye type differential refractometer designed by Brice and Hal- 
wer (2), which was calibrated by means of heavy water (20) or with sucrose 
solutions. 

Light scattering measurements were performed with the Brice light 
scattering photometer (3), as described elsewhere (19). Solutions of myo- 
sin which had been clarified by ultracentrifugation were made up to various 
dilutions and were filtered under pressure through Pyrex brand grade F 
sintered glass filters prior to the measurements. Similarly determined 
turbidities on the pure solvents were subtracted from the readings ob- 
tained with myosin solutions. The sintered glass filters used for clarifi- 
cation were cleaned first with 0.5 m KCl, followed by treatment overnight 
with fuming nitric acid, after which they were exhaustively rinsed with 
water and dried. 
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To test whether filtration in this manner might lead to surface denatur- 
ation of the myosin, we have repeatedly performed ultracentrifugal sedi- 
mentation analyses on samples of a myosin solution before and after fil- 
tration. The patterns were always indistinguishable (Fig. 1) if the filters 
were properly cleaned. | 

Scattering dissymmetry and depolarization were likewise determined 
in the Phoenix Brice instrument in the prescribed manner, with an incident 
beam of 12 mm. in width, the photocell viewing the regular angle em- 
ployed in the measurements according to Brice et al. (3). The dissym- 
metry is expressed as Z = I45°/I135°, based on measurements at the 45° 
and 135° angles for both the blue and the green lines of the mercury arc, 
by using a semioctagonal cuvette (3) of 4 cm. optical path. 

Transmission measurements were performed in the Beckman quartz 


Fic. 1. Ultracentrifugal sedimentation patterns of myosin before and after (left 
and right diagrams, respectively) filtration through fritted glass filter, as described 
in the text. Centrifugation at 59,780 r.p.m. in Spinco instrument for about 30 min- 
utes after reaching full speed; 0.3 per cent myosin solution in 0.4 Mm KCl, u» = 0.1 phos- 
phate buffer, pH 6.8; temperature during the run 20.0°. 


spectrophotometer, with cells of 10 cm. optical path. Due to the possible 
effect of forward scattered light, the transmission should be measured 
with a thin beam of light. In view of previous work with this method 
(6, 19), we limited the light path with axially mounted entrance and exit 
diaphragms of 4.5 mm. diameter. 


Results 
Specific Refractive Index Increment 


Measurements at Ionic Strength 0.5—Solutions of myosin in buffered 
KCl solution (pH 6.8, ionic strength 0.5) were prepared as described, and 
were dialyzed against a large volume of solvent of the same composition. 
The measurement established the refractive index difference, An, between 
myosin solutions and their respective diffusates. Myosin solutions of 
various concentrations resulted from individual preparative runs, and 
these were diluted with the diffusate to obtain solutions of lower concen- 
tration. The results of such measurements for light of two different wave 
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lengths isolated from the mercury spectrum are given in Fig. 2. Statisti- 
cal evaluation of the lines of regression gives rise to a value of dn/dc = 
0.1943 + 0.013 in the blue, 0.1909 + 0.015 in the green, whereas upon 
simply averaging all the An/c values we obtain 0.1910 and 0.1887, respec- 
tively. The variations of the individual measuring points exceed the 
error of the refractivity determinations themselves, and are ascribed to 
the limited accuracy of the Kjeldahl procedure. For this reason, we do 
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Fic. 2. Refractive index differences, An, of myosin solutions in 0.5 m KCl, meas- 
ured for two wave lengths between myosin solutions of different concentrations and 
their respective solvents (diffusates) at 23°. 


not feel statistical treatment to be justified, and accept the average values 
instead. These agree well with the values usually quoted for average 
proteins (5), while deviating results reported for myosin (1, 28) on the 
basis of fewer measurements seem less acceptable. 

Computation of Refractive Index Increment in Other Media—For com- 
parison of turbidity measurements on myosin in other salt solutions, the 
magnitude of dn/dc in those solutions was established by computation. 
While the refractive index of mixtures is often treated according to Glad- 
stone and Dale (e.g. (25)), it is to be recalled that this treatment has been 
shown to be insufficiently precise (27) and should be replaced by appli- 
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cation of the Lorenz and Lorentz theory (25) which, according to Putzeys 
and Brosteaux (27), can be simplified to 


ni = ki (no + dn/dc) — kz (1) 


in which k; and kz are constants, ¢ is the partial specific volume, and 7, 
no, and n are the refractive indices of protein, solvent, and solution, respec- 
tively. It can be derived that in a different medium of refractive index 
no’ the refractive index increment is given by 


dn'/dc=dn/de + — no’) (2) 


In systems without electrostriction, ¢ would be equated with the partial 
specific volume ¢. In the present case, ¢ is the composite result of the 
dry specific volume of the protein and of solvent striction (24). We hold 
that, in the above equations, ¢ represents the true partial specific volume, 
inclusive of its electrostrictive component. For myosin, + was taken as 
0.73 (24). In view of the application made below, we calculated that, 
when the KCI solvent of ionic strength 0.5 is replaced by one of ionic 
strength 1.5, the square of the refractive index increment, and thereby 
the turbidity factor H, decreases by about 6 per cent. If our view were 
incorrect, so that g should represent the reciprocal of the dry density, 
amounting presumably to 0.78 (24), the decrease would be 7 per cent. 


Determination of Apparent Turbidity 


Apparent turbidity (7’) has been defined as the turbidity value ob- 
tained by measuring the scattered light under 90° in an absolute or cali- 
brated light scattering photometer, without corrections for the effects of 
depolarization or dissymmetry (Mommaerts (19)). We employ 7’ to de- 
scribe the results of measurements made under various experimental con- 
ditions. 

Effect of pH and Salt Concentration—In experiments not to be described 
in detail, it was found that high values of 7’ occur at low KCl concentra- 
tions, which apparently are insufficient to keep myosin molecularly dis- 
persed. Molecular solution of myosin, near neutrality, is usually believed 
to be assured somewhat below 0.5 m, but with increasing salt concentration 
a continuing decrease of 7’ was found even upon extrapolation to zero 
protein concentration. This difference, if we compare 0.5 m KCl with 
1.5 Mm KCl, is of the order of 6 per cent, and can therefore be explained by 
the variation of dn/dc in dependence of the salt concentration discussed 
above. Hence, myosin seems to be completely dispersed, near pH 7, in 
0.5 m KCI solutions. 

The effect of pH was investigated by adding given amounts of myosin 
solution, dialyzed against neutral 0.5 m KCl, to equal volumes of buffered 
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KCI solutions of various acidities or alkalinities, followed by determination 
of the resulting pH, and, after a set time, of 7’. The results obtained at 
two different wave lengths are given in Fig. 3. Toward the acid side of 
the range, still remote from the isoelectric point 5.3 (11), there is a sharp 
increase of turbidity, indicative of molecular aggregation.'! This increase, 
as long as the pH does not fall far below 6.0, is reversible. ‘Toward the 
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Fic. 3. Apparent turbidity of myosin solutions at two wave lengths as a function 
of the pH. Myosin concentration, 0.0080 gm. per ml. in 0.5 m KCl. 


alkaline side, the turbidity increases but slightly, but this increase is partly 
irreversible above pH 7.5, and is related to progressive changes described 
below. Although the minimum of the curve, situated at pH 7.0 to 7.4, 
would seem to offer the best condition to study molecularly dispersed 


1 While we place no particular emphasis on this interpretation of the increased 
turbidity at acid pH, we wish to preclude the possible criticism that it is due instead 
to a decrease in molecular dissymmetry resulting from diminished net charge. Since 
the total reduction of J9o9° by dissymmetry (see Table III) is only about 30 per cent, 
even complete abolition of the dissymmetry could not explain the considerable in- 
crease in turbidity which is observed. 
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myosin, we have worked mostly at a slightly lower pH, 6.8, to reduce the 
progressive changes. The slightly increased tendency to reversible mo- 
lecular aggregation at this pH will not influence the molecular weight 
determinations, as its effect will vanish at the lowest protein concentra- 
tions. 

Inasmuch as the measurements of Fig. 3 were performed at a finite 
protein concentration, the reversible variations may, in part, also be due 
to changes in the molecular charge, affecting the interaction constant and 
virial coefficients (5). 

Effect of Temperature—Our earlier attempts to determine the turbidity 
of myosin (17) had given highly unreproducible results. We now find that 
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Fia. 4. Changes in the apparent turbidity of a myosin solution (0.0028 gm. per 
ml. in 0.5 m KCl, pH 6.8) during the spontaneous warming of the solution in the 
cuvette. 


myosin solutions are changeable and undergo a progressive increase in 7’ 
even below room temperature. This is illustrated by the following experi- 
ment: A myosin solution was filtered in the cold into a cell which was 
placed, with a thermometer inserted, in the turbidimeter. At given time 
intervals the temperature and 7’ were measured (Fig. 4). Below 15°, no 
notable change took place, but from 20° upward the turbidity rose mark- 
edly. We have not studied the kinetics of this process at constant tem- 
perature, but remark that the break in the curve (with the temperature as 
the abscissa) in Fig. 4 is reminiscent of the coagulation temperature or 
cloudpoint referred to by early protein chemists. The increase of r’ could 
be reversed to a small extent by return to a lower temperature, but com- 
plete reversal was never obtained. Hence, it seems to indicate a denatur- 
ative process. Whether it is related to the temperature dependence of 
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the ultracentrifugal sedimentation constant of myosin, reported by Par- 
rish and Mommaerts (24) and by Laki and Carroll (12), cannot yet be 
determined, since both phenomena have been insufficiently studied as yet. 
It appears, however, that by the choice of working conditions this com- 
plicating factor has been minimized, and that the turbidity values ob- 
tained in this study, and the molecular weights so derived, have approxi- 
mate validity. 


Determination of Turbidity Function, Hc/r’ 


The results reported in the previous section indicate that valid deter- 
minations of the molecular weight can be expected from turbidity meas- 
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Fic. 5. Turbidity function plots for myosin in 0.5 m KCl, pH 6.8, at two wave 
lengths. The different symbols refer to three different myosin preparations. 


urements at pH 6.8, ionic strength 0.5, if the measurements are per- 
formed at a temperature of about 15° immediately after the solution is 
brought from the cold to this temperature. A large number of determi- 
nations of numerous individual myosin preparations have been performed 
in this fashion. 

Representative experiments are shown in Fig. 5, plotted in the con- 
ventional manner (5, 23) as the dependence of the turbidity function He/1’ 
on c (in which H is a factor containing dn/dc and various instrumental 
constants). Fig. 5 is based upon data of three selected experiments, 
from which we evaluated the intercept, a = [Hc/r’], — 0, and its standard 
deviation, as well as the slope, b, and its standard deviation (Table I). 
The three series represented in Fig. 5 and Table I are selected because 
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these give, of all the experiments, the highest values of a, hence the lowest 
molecular weights. Several more experimental series are available in 
which a, while tending to be lower, is not significantly different from the 
quoted examples. Other series, however, gave markedly lower lines. 
Since all sources of experimental error, including notably the tendency of 
myosin to aggregate to denature, would tend to give high values for r’ 
and low values for a, it is believed that those deviating curves can be 
eliminated. Noattempt has been made to substantiate this, e.g. by ultra- 
centrifugal detection of denaturation products, since during the major 
part of this investigation no facilities were available to perform such obser- 
vations at the same time as the scattering measurements. 


TABLE I 
Intercept and Slope of Three Series of Determinations of Apparent Turbidity* 
a X 108 b X 108 
2.13 + 0.37 11.53 + 2.90 
2.43 + 0.64 7.03 + 2.20 
2.52 + 0.88 5.77 + 1.50 
2.15 + 0.72 7.35 + 1.27 


* For an explanation of a and 3), see the text. 


Dissymmetry of Scattering 


An example of measurements of the dissymmetry Z at various protein 
concentrations is given in Fig. 6 for two of the mercury lines. All the 
values obtained have been corrected for the contributions of the solvent 
by subtracting the intensities read at comparable sensitivity settings 
from samples of solvent. Usually, this corrective measurement was made 
first, after which a known amount of myosin was added to the cuvette. 
In general, our measurements were restricted to relatively low protein 
concentrations where, as in Fig. 6, the Z values for the blue light are 
greater than those for the green; we did obtain indications, however, that 
at high concentrations the opposite may be true (cf. Oster (23)). Besides 
the conventional presentation used in Fig. 6, we have also plotted our 
data as (1/Z — 1) versus c, to permit rectilinear extrapolation of the dis- 
symmetry at infinite dilution. 

The following tabulation (Table II) gives the results of the extrapolated 
values for zero concentration obtained in several experimental series which 
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were measured on the same samples as those employed in the turbidity 
measurements. These extrapolated values are higher than those obtained 
by us previously (18), 1.60 and 1.42, respectively. The difference is 
mainly duetothe more extensive measurements now available at lower con- 
centrations, permitting a less arbitrary extrapolation. We find that Z 
is not affected by increasing the salt concentration of the solvent, but 
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Fig. 6. Light scattering dissymmetry Z as a function of myosin concentration for 
two wave lengths. 


TABLE II 
Dissymmetry Values at Zero Concentration 
Myosin preparations (Ionic strength of medium Dissymmetry Ze 0 
4358 A 5460 A 
Fig. 5 (0) 0.5 1.71 1.64 
© 5 (A) 0.5 1.74 1.66 
* 5 (O) 0.5 1.77 1.70 
1.5 1.75 1.68 


that higher values of Z can be obtained by influences leading to aggrega- 
tion or denaturation, such as elevated temperature and unfavorable pH. 


Depolarization 


Values for the depolarizations p, and p, were obtained by direct measure- 
ments on myosin solutions, and were corrected for the contribution of the 
solvent in the same fashion as the dissymmetry measurements. These 


measurements are open to several possible criticisms which would tend — 


to reduce the actual values below those reported. The results are used 
only to estimate the possible extent of the depolarization correction in 
the calculation of the molecular weight (see below). 
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Transmission Measurements 


Typical results of measurements at different concentrations are given 
in Fig. 7, plotted as log rr versus log \ in view of the general relation: 


r= 8 (3) 
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Fic. 7. Turbidity-wave length plots of myosin solutions as obtained by trans- 
mission measurements with a parallel beam. Myosin concentrations, from top to 
bottom, 0.038, 0.022, and 0.013 gm. per ml., respectively. The slope of the line in the 
double logarithmic plot gives the value of the exponent 8 in Equation 3. 
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Fig. 8. Dependence of the exponent 8 = (— d log r /d log \) upon the myosin 2 
concentration. 


In the ideal case of Rayleigh scattering, these plots are straight lines 
with a slope (—d log r/d log \) = 4. Innon-ideal cases, the lines should 
curve slightly (9), but the curvature is too small to be detected with cer- 
tainty; we have therefore drawn straight lines through the points, the 
slopes of which represent the mean values of —d log r/d log \ throughout 
the range of measurement. The concentration dependence of this slope 
is illustrated by Fig. 8. In view of the limited accuracy of such meas- 
urements (the actually obtained 7 values are quite small, especially in 
dilute solutions), the variation of the points is not unsatisfactory. 
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DISCUSSION 


Notations—The turbidity, 7, of a solution is defined as the conservative 
absorption coefficient by the equation 


(4) 


in which the turbidity, 7, characterizes the light loss upon passage through 
the solution, due to scattering rather than to consumptive absorption. 
Only in the ideal case can the true turbidity be obtained by direct trans- 
mission measurements or by light scattering measurements. In non-ideal 
cases, light scattering measurement yields an apparent turbidity, 7’ (19), 
which is related to 7 by the equation 


= 
in which Pz is a scattering factor accounting for the decrease of scattering 
due to intramolecular interference and derivable from the dissymmetry 
Z, and (p)z is a factor accounting for the increased scattering due to de- 
polarization. Similarly, transmission measurement yields a different ap- 


parent turbidity 77 


On 


in which Pz and (p)7 are again correction factors referring to the effects 
of intramolecular interference and of depolarization. P, can be derived 
from the wave length dependence of the transmission or, independently, 
from Z. For the computation of the P factors, we have relied upon the 
derivations and numerical tabulations of Doty and Steiner (6). 


Evaluation of Various Turbidity Measurements 


Depolarization Factors—This increased scattering intensity, due to de- 
polarization (4), amounts to (6 + 6 pu)/(6 — 7 pu) (equal to (p)e in Equa- 
tion 5). Similarly, the transmitted light is affected by the factor (6 + 
6 pu)/(6 — 3 pu). From the measured depolarization factors we find val- 
ues for (p)z of 1.03 and 1.02, for the blue and green light, respectively. 
Similar figures are obtained when, instead of pu, the factor [p] = 2 p, (1 - 
pv) is used in the above formulas (32). Both represent maximal values, 
as discussed; the true figures might approach unity. The value of (p)r1s 
still closer to unity and has been neglected in view of the low precision of 
the transmission measurements. 

Effect of Dissymmetry upon Turbidity As Determined by Scattering Meas- 
urements—The value of Pr is not determined uniquely by Z but depends 
upon the particle shape; however, at the levels of Z obtained for myosin, 
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this dependence is very weak, as is illustrated in Table III, in which the 
Pz values are listed for different particle shapes. 

Molecular Weight Determined by Scattering Measurements—The mo- 
lecular weight is derived from the formula 


M = (7) 
From the communicated turbidity measurements (Fig. 5), one obtains 7’, 


TaBLeE III 
Turbidity Correction Factors* 


Blue (Z = 1.74) Green (Z = 1.66) 


Monodispersed coil. .......... 0.638 0.669 
Polydispersed ‘ ........... 0.648 0.674 
~ * For an explanation, see the text. 
TaBLE IV 
Molecular Weight of Myosin 
Particle shape Blue Green 
1 Rod 633 ,000 706 , 000 
Monodispersed coil 623 ,000 694 ,000 
Polydispersed  ‘‘ 613,000 688 ,000 
2 Rod 656 , 000 787,000 
Monodispersed coil 655,000 773,000 
Polydispersed ‘‘ 635,000 767 ,000 
3 Rod 748,000 839,000 
Monodispersed coil 734,000 825,000 
Polydispersed ‘‘ 723 ,000 819,000 


which must be corrected by Equation 5 before its use in Equation 7. 
For the three main series of experiments (Fig. 5), we obtain the molecular 
weights listed in Table IV. The values derived from measurements with 
green light are some 10 per cent in excess of those measured in the blue. 
Since the measurements in blue light are far more reliable, greater weight 
will be attached to them. 

Scattering Factors from Transmission Measurements—The correction 
factor P; is fundamentally derived from the value 4 — 8, in which B = 
(—d log r/d log). Conversely, P; canalso be obtained from Z (6). Mo- 
lecular weights obtained with these correction factors from the turbidity 
determined by transmission are of the order of 10%. This may be con- 
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sidered as acceptable confirmation of the values determined by scattering, 
because the measurement of a series of transmittances (in two directions 
along the curve) involves about 30 minutes at room temperature during 
which increases of 7 are inevitable. 


Dissymmetry and Molecular Length 


According to the theories of light scattering initiated by Mie and by 
Debye (see Oster (23); Doty and Edsall (5)), scattering dissymmetry 
arises from interference phenomena due to the interaction of waves scat- 
tered by different parts of a molecule of finite length, and to the inter- 
action between waves originating from different particles. The first, 
intramolecular effect is operative alone at zero concentration, and actually 
appears to dominate throughout the range of concentrations employed 


TABLE V 
Molecular Length of Myosin for Different Possible Particle Shapes 
Z = 1.74 (blue) Z = 1.66 (green) 
A A 
Rod-shaped molecule*.................. | 1594 | 1887 
Random monodispersed coil*........... 1096 | 1300 
Polydispersed coilf..................... | 987 | 1170 


* Length. 
t Root mean square of distance between ends of coil. 


since, according to Fig. 6, the Z values are always greater for the shorter 
wave radiation while for the intermolecular effect the opposite would be 
true. Hence, the values of Z . — o can be used to calculate the molecular 
length, which has been done by means of the graphs given by Doty and 
Steiner (6); the results are collected in Table V. 

Regardless of the assumed molecular shape, there is some difference 
between the results obtained with blue and with green light. In view of 
the lesser reliability of measurements in the green, this difference is not 
disturbing, and greater significance will be attached to the results obtained 
with the blue mercury line where, due to the greater turbidities dealt with 
and the correspondingly lesser effects of reflections and other errors (19), 
the results are considered to be more reliable. 

In most previous considerations, the myosin molecule has usually been 
regarded as a rigid rod, although no proof for this assumption exists. 
Until we have further information, we shall describe the myosin molecule 
as a rod-shaped entity 1600 A long. 

Molecular Length Estimated from Slope of Transmission Curves—One 
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can also compute the molecular length from the value 8 of the slope of 
the transmission curves ((Fig. 8); (2)). Since 6 in reality varies slightly 
with A, whereas we found it feasible only to estimate an average value of 
8 over the spectral range employed, we have used the central value of that 
range, 5000 A, in these calculations; this corresponds to a value of 3700 A 
for the reduced wave length \’ = A/no. The length values so computed 
are (Table VI) compared with those previously obtained from Z. It is 
seen that excellent agreement has been achieved, but this may in part be 
coincidental since 8 is not obtained with great accuracy. On the other 
hand, it is not surprising that the agreement between scattering and 
transmission measurements is better here than in the case of the molecular 
weight, since we find that the dissymmetry is less affected by denaturative 
processes than the molecular weight, indicating perhaps that these proc- 
esses lead primarily to a side by side aggregation. 


TaBLe VI 


Molecular Length of Myosin Obtained from 8, Compared with That Derived 
from Z for Blue Light 


From gs From Z 
A A 
Monodispersed coil............. 1116 1096 
Polydispersed “ ............. 985 987 
Conclusions 


Throughout these studies, we have pointed to the experimental difficul- 
ties inherent in any investigation on myosin, which reduce the certainty 
with which conclusions may be drawn; however, some findings are more 
affected than others. 

We have found that the light scattering dissymmetry can be measured 
with satisfactory regularity, and measurements in blue light lead to a 
molecular length of 1600 A, the molecule being assumed to be rod-shaped. 
This length has also been confirmed by measuring the wave length 
dependence of the transmission. These two methods are theoretically 
interrelated, but since the experimental procedures are quite different, 
the correspondence of the results is significant. 

The results of scattering measurements at an angle of 90° to the incident 
beam were heretofore quite erratic. This variability can be greatly 
reduced by rapid measurement at a temperature not exceeding 15-18°. 
A number of satisfactory Hc/r’ plots have been obtained in this manner, 
but even these were not identical for different preparations. The better 
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series, however, yielded coincident plots, and their evaluation led to the 
molecular weights listed in Table IV of this paper. We accept a mo- 
lecular weight of 650,000 as a preliminary estimate, recognizing that the 
true value may be lower rather than higher (compare Laki and Carroll 
(12)). 

This value may be contrasted to that of 850,000, now current in the lit- 
erature (30, 31), which is based upon ultracentrifugation and diffusion 
measurements, supported (with an uncertainty of some 30 per cent) by 
osmotic pressure measurements. With respect to ultracentrifugal sedi- 
mentation, and possibly diffusion, we have found that anomalies exist which 
may greatly affect the interpretation of these measurements (Parrish and 
Mommaerts (24); Laki and Carroll (12)). 

A rod-shaped molecule of the indicated length and weight would have a 
diameter of about 25 A and an axial ratio of about 60; the latter is in good 
accord with such viscosimetric data as are available (15, if evaluated with 
the Simha formula), but the viscosity too will have to be reinvestigated in 
the light of the results of our observations on the effect of temperature on 
the molecular constants. 


SUMMARY 


Determinations of the refractive index increment and measurements of 
the apparent turbidity of myosin are reported. The turbidity is at a mini- 
mum near neutrality and in KCI solutions of 0.5 mM concentration, suggest- 
ing molecular dispersion of myosin in such media. A progressive increase 
in turbidity at room temperature is described. 

The molecular weight of myosin, as determined by scattering measure- 
ments with due corrections, is about 650,000, or possibly less, and the molec- 
ular length, according to dissymmetry measurements, is 1600 A. Trans- 
mission measurements at different wave lengths confirm the order of 
magnitude of these values. 
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The reversible transfer of 8-fructofuranosyl from a-aldoside (R’) as 
donor to the oxygen of the anomeric carbon of aldose (R’’) as acceptor has 
been shown to be catalyzed by a levansucrase system. This reaction has 
the form (Equation 1) 


fr~ R’ fr~ R’ (1) 


where R is aldose and fr ~ R is 6-p-fructofuranosyl-a-aldoside (1, 2). 
Since a large variation in structure of R is compatible with the transfer 
activity, this reaction is applicable to interconversion of sucrose and 
raffinose as well as to the syntheses of hitherto unknown fr ~ R com- 
pounds.! 

Use of raffinose (fr ~ melibioside) as fructosyl donor in a levansucrase- 
catalyzed transfer reaction has previously been illustrated by a syn- 
thesis leading to a new disaccharide 6-p-fructofuranosyl-a-p-xyloside (“xyl- 
sucrose’) (3). In the present communication, a reaction of transfer from 
raffinose to galactose is described (Equation 2). 


fr ~ melibioside + galactose = fr ~ galactoside + melibiose (2) 
(Raffinose) (galsucrose) 


The formed product, which has been named “‘galsucrose,”’ has been crys- 
tallized and its structure has been clarified. Some enzymatic reactions of 
galsucrose and certain other sucrose analogues have been examined. 

Reversible interaction between galsucrose and the levansucrase enzyme 
system can be visualized as having the form (Equation 3) 


Galsucrose + enzyme = fr ~ enzyme + galactose (3) 
At equilibrium this would yield (Equation 4) 


[fr ~ enzyme]|galactose] 
lenzyme] X K 


(4) 


[Galsucrose] = 


' The specificity of transfer reactions effected by levansucrase is being investigated 
by one of us (Gad Avigad) as part of work leading to a Doctor of Philosophy degree. 
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where K is the equilibrium constant. It is evident from Equation 4 that 
in this system an added aldose which competes with galactose for fructosy] 
from fr ~ enzyme would tend to lower the equilibrial concentration of 
galsucrose. Relative abilities of different aldoses to compete for fructosyl 
from fr ~ enzyme can be derived from their known inhibitory activities on 
levan formation (1, 2, 4). On this basis, it could be anticipated that 
melibiose would compete for fructosyl less effectively than does glucose 
(4). Accordingly, it was thought to be advantageous to effect the syn- 
thesis of galsucrose in a reaction system in which galactose was present at 
a relatively high concentration and in which fr ~ melibioside (raffinose) 
rather than fr ~ glucoside (sucrose) served as donor. 

An alternative approach to the synthesis of compounds of the type fr ~ 
R has been indicated recently by the finding (5, 6) (cf. (7)) that a degraded 
levan can in some degree serve as a fructosyl donor to suitable aldose 
acceptors in the presence of levansucrase of Bacillus subtilis. 

Syntheses of compounds of type f ~ R in which sucrose is utilized as 
fructosyl donor and in which the reaction is driven by continuous removal 


of the formed glucose are being investigated and will be described in full | 


later. 
Materials and Methods 


Enzyme Preparations—Levansucrase in the form of a cell-free fluid 


(protein N content 0.06 per cent) was prepared from washed cells of Aero- | 


bacter levanicum as described previously (2). This preparation formed 12 
mg. of levan per mg. of protein N per hour (37°, pH 5.4). Raffinose was 


split by this enzyme at the fructosidic linkage only, giving melibiose as © 


the sole aldose product of reaction (2). 

Dextransucrase solution containing 330 dextransucrase units per ml. was 
prepared from a lyophilized enzyme kindly provided by Dr. H. M. Tsu- 
chiya (Northern Utilization Research Branch, Peoria, Illinois). The 
presence of a small amount of levansucrase in this preparation was indi- 
cated by its ability to convert raffinose slowly to a mixture of levan, meli- 
biose, and a small amount of fructose. 

Amylosucrase solution was prepared from cells of Neisseria perflava as 
described (3). 1 ml. of this solution converted 28 umoles of sucrose to 
starch in 24 hours at pH 6.4 at 10°. It was noted that this preparation 


also degraded maltose with formation of large amounts of an as yet un- © 


identified trisaccharide (Reucrose 0.66 in Solvent System 1 described below), 
the rate of maltose cleavage being about 5 times that of the decomposition 
of sucrose. This system was inert towards certain a-galactosides (raffinose 
and melibiose) and a 6-galactoside (lactose). 

8-Galactosidase was extracted from a dried preparation of lactose-grown 
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washed cells of Escherichia coli K-12 by repeated freezing and thawing in 
0,002 m phosphate buffer at pH 7.4 (8, 9) and purified by precipitating 
fom solution between 0.20 and 0.55 saturation of ammonium sulfate. 
Neither sucrose nor raffinose was affected by this preparation. 

Yeast invertase solution was prepared from concentrate marketed by the 
British Drug House, Ltd., by dilution in 2 volumes of 0.1 mM acetate buffer 
at pH 4.5. This enzyme was lacking in a-galactosidase activity (meli- 
biose) . 

“ Sucrose-spectfic sucrase’’ was prepared from a hybrid yeast strain (3) 
kindly provided by Professor C. C. Lindegren. 

Analytical Procedures—Paper chromatographic and the other analytical 
techniques have been described previously (2, 3, 10). The principal 
solvent systems used were (1) n-propanol, ethyl acetate, water, 7:1:2 by 
volume, and (2) the upper layer of n-butanol, acetic acid, water, 4:1:5 by 
volume. 

Selection of raffinose as the donor system facilitated the paper chromato- 
graphic analysis of the reaction mixture. Had sucrose been the donor, 
the presence of galsucrose on the paper chromatogram might have been 


uiasked. Moreover, raffinose in the presence of levansucrase yields as the 


aldose product of the reaction a C-6-linked disaccharide (melibiose) whose 


Juid 
ero- 
1 12 
was 
as 


paper chromatographic mobility, as that of some other disaccharides 
linked through C-6 (10), is lower than that of disaccharides of type fr ~ R. 


Results 
Preparation of Crystalline Galsucrose 


Reaction between Raffinose and p-Galactose in Presence of Levansucrase— 
The reaction mixture contained 25 gm. of p-galactose, 10 gm. of raffinose, 
100 ml. of levansucrase solution, and 100 ml. of MclIlvaine’s citrate phos- 
phate buffer, pH 5.4, under toluene. After 10 hours at 35°, 600 ml. of 96 
per cent (v/v) ethanol were added to this mixture. After storage over- 
night at 4° the levan formed by levansucrase action from raffinose was 
found to be adherent to the bottom of the flask. <A fructosyl raffinose 
known to be formed by levansucrase from raffinose (2) may also have been 
precipitated by this procedure. The supernatant fluid was decanted and 
filtered to free it from salts and from protein which had been precipitated 
by ethanol. The filtrate was then reduced in volume at 40° at reduced 
pressure in the presence of barium carbonate to yield a light syrup (I). 

Separation of Galsucrose—The mixture of products (I) of reaction was 
applied to a column 50.0 * 4.5 em. containing 350 gm. of a 1:1 mixture 
of Celite No. 535 (Johns Manville, New York) and Darco G-60 (Atlas 
Powder Company, New York). Hexoses were removed by washing the 
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column with 5 liters of water. Elution was then continued with 10 liters 
of 1.5 per cent (v/v) ethanol. The eluate (II) was reduced in volume to 
a thin syrup and examined for oligosaccharides by paper chromatographic 
methods. The main ingredient (galsucrose) was found to be a non-reduc. 
ing disaccharide which contained both an aldose and ketose constituent 
and had a paper chromatographic mobility but slightly less than that of 
sucrose. 

The eluate (II) was reduced in volume and refractionated on a second 
column (24.0 X 4.0 cm.) which contained 120 gm. of adsorbent (1:1 mix. 
ture of Celite No. 535 and activated carbon No. 130 of Sutcliff, Speakman 
and Company, Leighs, Lancaster, England). The method of gradient 
elution (11) was used with 15 per cent (v/v) ethanol flowing from the 
upper reservoir and 1 liter of water in the lower reservoir. Fractions 
(about 10 ml. each) were collected at a rate of six per hour. 

Carbohydrates began to emerge from the column after 850 ml. of eluate 
had been collected. The greater part of the galsucrose, contaminated with 
a trace of a reducing disaccharide, was found to be present in Fractions 
125 to 165 inclusive. The pooled fractions were converted to a heavy 
syrup (III) in a vacuum. 

Detection of Formed Reducing Disaccharides—Paper chromatographic 
analyses of concentrates of eluate fractions of II indicated that oligosac- 
charides other than melibiose and galsucrose had been formed. These 
were reducing aldoses: positive test for reducing group with alkaline di- 
nitrosalicylate reagent (12) and positive test for reducing aldose with ani- 
line oxalate (13); they contained both an aldose and a ketose constituent. 
Reucrose Values in Solvent System 1 of these substances were 1.22, 1.10, and 
0.76, respectively, as compared to 0.95 for galsucrose and 0.64 for meli- 
biose. In view of the presence of both ketose and aldose in these com- 
pounds, their observed mobilities on paper, and the concentrations of 
ethanol at which they are eluted, these compounds may be regarded as 
disaccharides. Presumably they are 6-fructosylgalactose isomers.’ 

It may be mentioned that evidence for formation of similar sets of 
reducing disaccharides has also been obtained in some other levansucrase- 
catalyzed reaction systems: a set of 6-fructofuranosylglucose isomers in 4 


sucrose-glucose system (10) and a set of 6-fructofuranosylxylose isomers in | 


a raffinose-xylose system (3). 

Crystallization of Galsucrose—After standing for 1 week at 20°, the syrup 
(III) crystallized completely. Two recrystallizations from 80 per cent 
(v/v) ethanol and drying in high vacuum yielded 70 mg. of colorless 

2 As in other glycosylglucose sets of position isomers (10, 14, 15), the order in 


which the compounds emerge from the carbon column is the reverse of the relative 
order of the paper chromatographic mobilities. 
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hromatographically pure crystals in the form of thin rectangular plates 
resembling the common crystalline form of sucrose. 


Analytical Properties of Crystalline Galsucrose 


Taste—Galsucrose (like xylsucrose) was distinctly less sweet than su- 
erose; [aly + 81.5° + 0.5° (c 1.02, H.O), m.p. 179° (with sintering at 170°). 

Reaction with Diazouracil (16, 17, 10)—Galsucrose formed a green prod- 
uct which was slightly darker in color than the product formed by the 
equivalent amount of sucrose. 

Chromatographic Mobility—Its Ry values resembled those of sucrose (0.13 
in Solvent System 2 and 0.42 in the solvent system consisting of water- 
saturated phenol + ammonia (99:1, by weight)). 

Free Hydroxyl Groups—10 mg. of galsucrose were acetylated totally as 
recommended by French (18). The syrupy product (15 mg.) was analyzed 
as to acetyl (19) and fructosyl (cf. (3)). The amount of free hydroxyl 
per anhydrofructose was thus shown to be 8.15. 

“Median” Hydroxyl Groups—The amount of “median” hydroxy] groups, 
ie. free hydroxyl groups vicinal to two free hydroxyl groups, was esti- 
mated by means of periodate oxidation. The amount of formic acid af- 
forded by the reaction of 5.8 wmoles of galsucrose with periodate was 
estimated manometrically as described by Perlin (20). The reaction 
reached a well defined end point by 15 hours. The ‘‘median” hydroxyl 
group content of galsucrose was found to be 0.96 per anhydrofructose. 
The corresponding value for sucrose was 0.94. 

Sugar Constituents—A 1.02 per cent (w/v) solution of crystalline mate- 
rial was analyzed for 104 per cent of theoretical hexose content (compared 
to an equimolar solution of p-galactose and p-fructose) by the cysteine- 
sulfuric acid method of Dische (21). The solution was non-reducing to 
Somogyi’s copper reagent (22). Ketose content, determined by the acid- 
resorcinol method (23), was 100 per cent of the theoretical value expected 
from an aldohexosidofructoside disaccharide. Hydrolysis by yeast in- 
vertase released a mixture of reducing sugars corresponding in total copper- 
reducing power to 98 per cent of the expected value. The sole products 
of total hydrolysis as identified by paper chromatography were galactose 


and fructose. Aldose content of the hydrolysate as determined by iodine 


_ titration (24) was 102 per cent of the value expected. 


Action of ‘“‘ Hydrolyzing” and Transferring Enzymes on Galsucrose 


In order to conserve galsucrose, enzyme tests were performed in a re- 
action volume of 50 to 100 ul. in 1.5 mm. diameter capillaries. The re- 
action mixtures contained 1 volume of 10 per cent galsucrose solution and 
1 volume of buffered enzyme solution. Optimal pH and temperature 
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conditions were used. Except where otherwise indicated, reaction times 
were sufficient to allow for >90 per cent degradation of a control substrate 
(sucrose in the case of sucrases, lactose in the case of 8-galactosidase), 
Reaction mixtures and appropriate controls were analyzed by paper chro. 
matography (2) both at the outset and at the termination of reactions, 

‘“‘Hydrolyzing” Enzyme Systems—Galsucrose was hydrolyzed totally to 
the two component monosaccharides (galactose and fructose by the com- 
mon yeast invertase. This disaccharide was not attacked by sucrose-spe- 
cific sucrase measurably under conditions in which hydrolysis of sucrose 
by this system was 50 per cent. Galsucrose was not attacked by £-galac. 
tosidase. 

Transferring Enzyme Systems—Levansucrase converted galsucrose to a 
mixture of macromolecular levan, fructose, and galactose and to three 
observed oligosaccharides. The latter were non-reducing aldosidoketosides 
with polymerization degrees (DP) estimated by chromatographic mobil- 
ity of 3, 4, and 5 and which decreased in amount with increase of DP. 
Their Reructose Values in Solvent System 2 were 0.31, 0.19, and 0.11. In 
the DP range 3 to 5 (10) a plot of DP versus log a’ (25), 2.e. log (Réructose/1 — 
Réructose), yielded a straight line. The negative values of the slopes of log 
a’ of series of polymers of increasing DP above 3 have been found to be 
as follows (cf. (10)): 0.27 for non-reducing oligosaccharide series formed 
from galsucrose by levansucrase, 0.26 for polymer homologous series of 
reducing oligoinulins, 0.33 for polymer homologous series of reducing 
oligolevans, 0.27 for non-reducing oligosaccharide series (1*-6-fructosyl- 
sucrose series) synthesized from sucrose by levansucrase, and 0.27 for 
non-reducing oligosaccharide series synthesized from xylsucrose by levan- 
sucrase. 

The dextransucrase preparation attacked galsucrose slowly and con- 
verted the latter to levan and galactose with some release of fructose. 
This reaction can be attributed to levansucrase in the dextransucrase prep- 
aration. 

The amylosucrase system attacked galsucrose at a rate comparable to 
that of the rate of attack on sucrose, the degradation in both cases reaching 
about 50 per cent in 4 days at 10°. Galsucrose was converted by this 
enzyme to a mixture consisting of galactose, fructose, and an aldosido- 


ketoside with the mobility of a trisaccharide (Rsucrose 0.80 in Solvent | 
System 1). The rate of conversion of galsucrose to trisaccharide was 


smaller than the hydrolysis rate. Galsucrose solution incubated with 
amylosucrase failed to develop turbidity; formation of an ethanol-precipi- 
table polysaccharide in this reaction mixture was not observed. On the 
other hand, sucrose incubated with amylosucrase formed a highly turbid 
solution which on the addition of ethanol afforded an abundant precipitate 
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which stained purple with iodine. The chromatographically mobile frac- 
tion of the sucrose-amylosucrase reaction mixture was found to contain a 
small amount of an aldosidoketoside with the paper chromatographic 
mobility of a trisaccharide (Reucrose 0.83 in Solvent System 1), a trace of 
glucose, and a considerable quantity of fructose. | 


DISCUSSION 


Galsucrose, like other non-reducing aldosylfructosides synthesized by 
the action of levansucrase, exhibits properties which show it to be an 
a-b-aldopyranosy1--p-fructofuranoside (Fig. 1). That the product com- 
prised a 6-fructofuranosyl group was shown both by its susceptibility to 
hydrolysis by yeast invertase and by its conversion to levan by levan- 
sucrase (cf. (2)). That the aldosylic moiety was galactopyranosyl could 
be inferred from the finding that the disaccharide yields 1 mole of formic 


HOCH, 


OH H 
Fic. 1. ‘‘Galsucrose,”’ 


acid on oxidation by periodate. That the configuration of the galacto- 
pyranosyl group was a was deduced from the findings that the disaccharide 
has a positive optical rotation, and that it is not hydrolyzed by 8-galactosi- 
dase. 

On the basis of Hudson’s rule of isorotation (26), the following relation- 
ship between molar optical rotations ([14]p) should obtain 


M, = — M, 
where My, M3, Me, and M, designate [M]p of galsucrose, sucrose, an 


a-galactoside, and the corresponding a-glucoside, respectively. Recorded 
optical rotations of a-methyl galactoside and a-methy] glucoside (27) yield 


_ My = 29,980; from similar data for a-ethyl galactoside and glucoside (28), 
_ one obtains M, = 29,470. The value of [M/]p 27,870 observed for gal- 


sucrose approaches these calculated values closely. Agreement between 
calculated and observed values of [4/], has also been found in the case of 
xylsucrose (3). These findings furnish confirmation for the proposed 
structures of these disaccharides. 

The conformity of galsucrose and xylsucrose to the structural pattern 
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typified by sucrose is further substantiated by the observation that these 
substances yield a green color reaction with an alkaline diazouracil soly- 
tion (Raybin’s test). Earlier data together with the present findings 
suggest that the specificity of this reagent is of the following kind (Table 
I): the color test is positive to sucrose and some other compounds of the 
type R’ ~ R”, where R’ = ketosyl and R” = aldosyl; its intensity is not 
markedly diminished by a configurational change at C-4 or introduction 
of a substituent (hexosyl group) either at C-4 or C-6 or elimination of C-4 
in the aldosylic moiety of sucrose (2, 3); the intensity is not affected mark- 
edly by configurational inversion at C-4 or elimination of C-6 in the keto- 
sylic moiety of sucrose (30); however, this color reaction is suppressed by 
an introduction of a substituent (hexosyl group) at carbons C-1 or C-6 (11) 
or by reduction of C-6 of the ketosylic moiety of sucrose (31). 


Enzymatic Reactions of Compounds of Type fr ~ R 


Levansucrase may not be unique among fructosidases in the possession of 
the capacity to catalyze transfer of the 6-fructofuranosyl group of sucrose 
to the lactol oxygen of an aldose. Thus it has been shown previously by 
Edelman (35) that radioactivity is incorporated rapidly into sucrose when 
the latter is incubated with mold invertase in the presence of radioactive 
glucose. However, it is unknown as yet whether mold invertase like 
levansucrase can transfer the fructosyl group of sucrose to the lactol oxygen 
of aldoses other than p-glucose. 

Ability to catalyze transfer of the a-glucopyranosyl group of sucrose to 
the lactol oxygen of ketoses is present both in sucrose phosphorylase (30) 
and enzyme systems in which uridine diphosphoglucose is the glucosyl 
donor (36, 37, 32). In both these cases, as in the levansucrase-mediated 
transfer of a 6-fructofuranosyl group, variations in the structure of the 
acceptor are compatible with transfer activity. Sucrose phosphorylase 
(30) and levansucrase transfer the glycosyl group from sucrose to both 
carbinol and lactol oxygens of acceptors. In the case of a-glucosy]-trans- 
ferring enzyme systems (dextransucrase, amylosucrase, and glucosucrases 
honey and aphid invertases (38-—40)), it is known that transfer occurs to 
carbinol oxygens of acceptors. It therefore may prove rewarding in these 
cases to examine whether these enzymes also catalyze transfer of the a-glu- 
cosyl group of sucrose to the lactol oxygen of the acceptors. 

The reaction system raffinose-galactose-levansucrase forms in addition 
to galsucrose a hitherto unknown set of isomeric-reducing disaccharides of 
the type of 8-fructofuranosyl-galactose. The formation of this set of com- 
pounds and that of other sets of reducing disaccharides formed by levan- 
sucrase, as mentioned under ‘‘ Experimental,” can be formulated (Equa- 
tion 5) 

fr ~ R’+ R” > fr < R” + R’ (5) 


whe 
ir 
nk 
| 
by 
pre 
ch 
ant 
af 
do 
D+ 
nil 
de 
ra 
co 
di 
fre 
P 
in 
be 
cl 
gl 
ns 
n 
ti 
le 
is 
| 
| 
| 


D. S. FEINGOLD, G. AVIGAD, AND S. HESTRIN 303 


shere R’ or R” can be p-glucose, p-xylose, p-galactose, or melibiose, and 
<< R” designates reducing disaccharide with §-fructofuranosyl group 
inked to a carbinol oxygen in R”. 

It has been demonstrated previously that the C-1 fructocarbinol site of 
gicrose is a much more active acceptor of fructosyl transferred from sucrose 


by levansucrase than is any other carbinol site in sucrose (2, 10). It seems 
probable that levansucrase-mediated production of non-reducing trisac- 
charides from galsucrose and xylsucrose, of tetrasaccharides from raffinose 
and neokestose (6°-8-fructosylsucrose), and of pentasaccharide from stach- 
vose (8-fructosyl-a-manninotrioside) occurs in the same way as production 
of trisaccharide from sucrose (Equation 6) 


(6) 


where fr < is a fructosyl group substituted in a fructocarbinol position (pre- 
dominantly at the C-1 fructocarbinol position) in fr ~~ R, and R can be 
p-glucose, D-xylose, D-galactose, melibiose, 6-8-fructosylglucose, or man- 
ninotriose. 

The sucrose analogues synthesized by levansucrase can be utilized to 
define the specificity of dextransucrase (29) with greater precision. Donor 
ranges of dextransucrase and levansucrase among sucrose analogues are 
compared in Table I. It is evident that change in the sucrose molecule at 
different sites either in the glucosyl or fructosyl moiety protected sucrose 
from attack by dextransucrase, whereas only changes in the fructosyl moiety 
prevented attack by levansucrase. Thus dextransucrase appears to belong 
in a category of sucrases in which specificity is determined absolutely by 
both the glucosyl and fructosyl moiety of the substrate. It remains to be 
clarified whether honey and aphid sucrases which have been described as 
glucosucrases (38-40) and the hybrid yeast sucrase which has been desig- 
nated by us as ‘‘sucrose-specific sucrase” do not also belong in this sucrase 
category. 

The action of an amylosucrase preparation of N. perflava on a group of 
substrates is summarized in Table II. Since maltose was degraded but 


-XUM 


failed to form starch, it is probable that cleavage of this disaccharide was 
mediated by an enzyme other than amylosucrase. The enzyme prepara- 
tion failed to degrade a-galactosides (raffinose, melibiose) in which the 


_ galactosyl group was linked to oxygen of carbinol, yet it split off the a-ga- 


lactosy] group linked to oxygen of anomeric carbon in the presumably 
energy-rich galsucrose (cf. (41)). Since galsucrose is not known to be an 
endogenous metabolite in N. perflava, it seems farfetched to assume that 
the extract of glucose-grown N. perflava contains a specific galsucrase. It 
is therefore attractive to conjecture that amylosucrase attacked both gal- 
sucrose and sucrose. As xylsucrose was not attacked, it follows that 
amylosucrase, though presumably tolerant of configurational change at 
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TABLE I 


Specificity of Reaction of Sucrose Analogues towards Dextransucrase, 
Levansucrase, and Diazouracil 


Enzyme systems were tested under conditions of optimal activity (29). Sucrose} 


and analogues formed from it either by introduction of a substituent in the gluco. 


sylic or fructosylic moiety or by structural changes effected in the glucosylic moiety] 


are listed.* 


Relation of substrate to sucrose 
Site of difference from Reaction 
Substrate lesanicum with diaz. 
Substituent sucraset uracilf 
In glucosyl |In fructosyl 
moiety moiety 
Sucrose None None None + a + 
Galsucrose C-4 —|| + + 
Xylsucrose C-6 + 
Raffinose a-Galactosyl ++ + 
Neokestose B-Fructosyl + +* 
1-Kestose None C-1 _* 
Melezitose a-Glucosyl C-3 ~ 
6-Kestose 8-Fructosyl C-6 _** 


* Although products differing from sucrose by changes effected in the fructosylic 
moiety by means other than introduction of a substituent have been synthesizec 
(30-32), their behavior towards levansucrase and dextransucrase is still un- 
known. 

+ + indicates production of dextran and — the non-formation of aldosan. 

$+ indicates cleavage evidenced in all cases by formation of levan and — the 
absence of levan production and practical absence of substrate hydrolysis. 

§ Raybin’s test (2); + indicates formation of green color and — its absence. 


|| Since galactose accepts glucosyl transferred by dextransucrase (33), galsucrose! 


can be expected to possess acceptor activity. 
q Tested both alone and in the presence of an added acceptor (33). 
** cf. Bacon (11). 
tt Also private communication of Dr. H. Tsuchiya to Dr. D. French (34). 


C-4 of glucosyl in sucrose, nevertheless requires the intact C-6 structure of 


glucosyl in sucrose for activity. 
Amylosucrase action on sucrose leading to trisaccharide can be visualized 
as occurring in a succession of steps (Equations 7 and 8). 


gl ~ fr + enzyme — glucosyl-enzyme + fructose (7) 
(Sucrose) 


Glucosyl-enzyme + gl ~ fr — glucosylsucrose + enzyme (8) 
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The unit reaction in the growth of a starch chain would then be of the form 
(Equation 9) 


'Glucosyl-enzyme + gla < R — gla 41 < R + enzyme 
(starch) 


(9) 


(Primer) 


Free glucose is not formed in appreciable amounts either by amylosuerase 
or dextransucrase acting on sucrose. This would imply that the postulated 
glucosyl-enzyme intermediates of these enzyme systems have a relatively 
low reactivity towards water as acceptor. The production of trisaccharide 
from galsucrose implies the occurrence in this case of analogues of Equa- 


TaBLeE II 
Action of Amylosucrase Preparation from N. perflava on a-Aldosides 


For preparation of enzyme and reaction conditions see under ‘‘Materials and 
methods.”’ 


Products 


Substrate Reaction 
Oligosac- 


charide 


Maltose 
Sucrose 
Xylsucrose 
Galsucrose 
Melibiose 
Raffinose 
Melezitose 


+ 
+ 
+ 


* Trace of glucose. 
t Trace of turanose. 


tions 7 and 8. However, since free galactose was released from galsucrose 
by the action of this enzyme system, it seems further necessary to suppose 
that the mooted intermediary complex galactosyl-amylosucrase reacts with 
water as acceptor. ‘The observed absence of conversion of galsucrose to 


_ any high polymer further requires that the analogue of Equation 9 does not 
in this case occur, possibly because a suitable initiator of polymerization 


is lacking in the galsucrose reaction system. 

Although sucrose-terminated homologue series of oligogalactose polymers 
occurs in green plants, especially in seeds, and has been the subject of 
intensive studies (34, 42-44), no evidence has been presented for the oc- 
currence of a galsucrose-terminated homologue series in these materials. 
However, it may be noted that an ill defined non-reducing “labiose”’ oligo- 
saccharide, isolated from Eremostachys labiosa and shown to be built of p-ga- 
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lactose and p-fructose units (Strepkov, cited by French (34)), could bea tri- 
saccharide-containing galsucrose. It may prove rewarding in any case 
to inquire further into the possibility that galsucrose occurs in plants, 
The manner of the origin of natural galactans is unknown and the intri- 
guing question arises whether galsucrose may not play some role in such 
syntheses. 


SUMMARY 


1, Levansucrase transferred 6-fructofuranosy] from raffinose to the oxy- 
gen of the anomeric carbon of galactose and thus formed a new disaccha- 
ride ‘“‘galsucrose.”’ 

2. Galsucrose was isolated in crystalline form and shown, on the basis 
of measurements of optical activity, yield of formic acid on periodate 
oxidation, and enzymatic behavior, to be the a-p-galactopyranosy]-f-p- 
fructofuranoside. 

3. Levansucrase also transferred 6-fructofuranosyl from raffinose to 
carbinol oxygens in galactose. 

4. Galsucrose was decomposed to galactose + fructose by common yeast 
invertase and to galactose + fructose + oligofructosylgalactosides + 
levan by levansucrase. 

5. Neither dextransucrase nor hybrid yeast sucrase (“‘sucrose-specific 
sucrase”’) attacked galsucrose. 

6. Amylosucrase (Neisseria perflava preparation) converted galsucrose 
to galactose + fructose + a trisaccharide without formation of any high 
polymer galactan, whereas this enzyme acting on sucrose formed fructose + 
trisaccharide + starch and only a trace of free aldohexose. Thus con- 
figurational change in the glucosylic moiety of sucrose at C-4 was compati- 
ble with modified cleavage of this disaccharide by amylosucrase. 

7. The influence of structural alterations effected singly at different car- 
bon positions in the glucosylic and fructosylic moiety of sucrose on its sus- 
ceptibility to cleavage by enzymes and color reaction with diazouracil is 
discussed. 


The able technical assistance of Mr. M. Levkowitch is gratefully acknowl- | 


edged. 
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THE PROTEOLYTIC ENZYME SYSTEM OF SKIN 
: I. EXTRACTION AND ACTIVATION* 


By CHARLES J. MARTIN anp A. E. AXELROD 


(From the Institute of Pathology, School of Medicine, Western Reserve University, 
Cleveland, Ohio, and the Department of Biochemistry, University of Pittsburgh, 
School of Medicine, Pittsburgh, Pennsylvania) 


(Received for publication, July 9, 1956) 


A proteinase, present in human, rat, rabbit, and guinea pig skin, has 
been reported by Beloff and Peters (1). The enzyme (or enzymes) di- 
gested casein and other proteins at a neutral pH and, because of the failure 
to digest benzoyl-L-argininamide and carbobenzoxy-.L-tyrosylglycinamide, 
the authors concluded that the specificity was not comparable to trypsin 
or chymotrypsin. The skin activity could not be extracted at room tem- 
perature with a 0.05 m phosphate buffer at pH 7.0, but could be partially 
extracted (to the extent of about 50 per cent relative to the activity ob- 
tained by incubation of skin slices with casein) if 5-per cent KCl (0.67 m) 
was added to the buffer. The authors also reported the existence of a 
peptidase that would hydrolyze L-leucylglycylglycine and which could be 
preferentially extracted from the proteinase activity in skin by using a 
0.1 m Ringer-phosphate buffer at pH 7.3. Fruton (2) has described the 
presence of several peptidases in 2 per cent NaCl extracts of fresh rabbit 
skin. The ‘‘dermopeptidase” hydrolyzed t-leucylglycylglycine without 
the necessity for added manganese ions or cysteine and, in contrast to a 
leucine aminopeptidase also present, retained activity after dialysis against 
distilled water. A prolidase was also demonstrated, but activity compara- 
ble to trypsin, pepsin, or carboxypeptidase was not found. Neville-Jones 
and Peters (3) have compared the peptidase and proteinase activity obtain- 
able from acetone-dried rat skin with the activity found in fresh skin 
extracts prepared according to Fruton (2). The acetone-dried skin ex- 
tracts (5 per cent KCl or KNO3) contained high proteinase but low ‘‘dermo- 
peptidase” and aminopeptidase activity; in the fresh skin extracts the 
reverse was true. 


* This investigation, while at Western Reserve University, was performed under 
contract with the Atomic Energy Commission, and at the University of Pittsburgh 
was supported in part by a research grant (No. A-727) from the National Institute of 
—— and Metabolic Diseases, National Institutes of Health, Public Health 

rvice. 

t Present address, Department of Biochemistry, University of Pittsburgh, School 
of Medicine, Pittsburgh, Pennsylvania. 
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Wells and Babcock (4), in a more recent paper, separated the epidermis | ker 
from the dermis of human skin and found that the greater amount of the | acti 
proteinase activity was localized in the epidermis. Their extracts were ( 
prepared according to Beloff and Peters (1). A study of the increase in | yiel 
proteolysis of incubated guinea pig skin slices, after exposure to varying | wei 
temperatures, has led Ungar and Damgaard (5) to postulate the presence I 
of an inactive enzyme precursor in skin. Activation was mediated by | tur 
heating tissue slices and this “‘secondary proteolysis” could be inhibited by | Int 
a soy bean inhibitor or sodium salicylate. buf 

The present paper is concerned with the conditions for the extraction | ma 
and activation of the proteinase activity in rat skin. It will be shown | The 
that by extraction at 1° with an extractant at 1.6 ionic strength considera- | pos 
bly more activity can be obtained than was recognized by other workers | salt 
(1, 3, 4, 6). The greater portion of the activity can be reversibly in- I 
activated by exposure to an ionic strength much lower than that required | wat 
for complete extraction. This reversible inactivation is postulated to occur | 2.0 
by association of an enzyme with an inhibitor; the dissociation of this ] buf 
complex is obtained by an exposure to a high ionic strength (1.6). A [| was 


preliminary statement of some of these results has been reported (7). per 
Materials and Methods me 


Preparation of Skin Acetone Powder—Male albino rats (400 to 500 gm.) | Thi 
of the Holtzman strain were decapitated and the hair was removed with an | Aft 
electric clipper. All of the skin, except that on the head, legs, and tail, | flui 
was removed, and each skin was freed from underlying fatty and muscle fro 
tissue by scraping with a putty knife parallel to the fiber axis. Histological ! 
examination showed only the presence of dermis and epidermis in the | con 
collected skins. Each skin was then rolled into a tight ball, immersed in 1 
liquid nitrogen, and shattered in an iron mortar. The fragment size was | pro 
further reduced by passage through a power-driven granulator and pul- | wil 
verizer at the temperature of liquid nitrogen. The Waring blendor or | un 
Potter-Elvehjem homogenizer proved of little value in the disruption of an gm 
entire rat skin, although the latter apparatus can be successfully used to 
disintegrate the abdominal skin of young rats. The finely divided skin | 4; 
particles, admixed with dry ice snow, were placed in 4 liters of acetone and sus} 
allowed to come to 3°. Dehydration was continued with five changes of : 
4 liter quantities of acetone over a 24 hour period at 3° with solvent re- | 8r¢ 
moval accomplished by suction filtration. The skin powder was then alr- 
dried in a hood until most of the acetone had volatilized. This was followed | 4, 
by drying in vacuo over P.O; for 24 hours. The yield of skin acetone 3 
powder from 95 rats was 690 gm. (approximately one-third the weight of was 
the skins before fragmentation). This type of preparation has been 


i 
| 
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kept at —30° for over a year and has shown no diminution in proteolytic 
activity. 

Contrary to the results of Beloff and Peters (1), the acetone powder 
yielded a much greater amount of proteinase activity than did an equivalent 
weight of a similarly fragmented fresh skin preparation. 

Buffers—The pH of all buffer solutions was determined at room tempera- 
ture with a glass electrode by using a Cambridge research model pH meter. 
In the preparation of buffers containing KCl an aliquot of a 0.1 m phosphate 
buffer (IKH2PO4-NazHPO,) was added to a weighed amount of the salt, 
made nearly to volume, adjusted to the desired pH, and made to volume. 
The ionic strength of the buffer solutions was calculated from the com- 
position of the buffer salt at a given pH and from the molarity of the added 
salt. The salts were assumed to be completely dissociated. 

Proteinase Assays—1 ml. of 2 per cent casein’ and 1.0 ml. of buffer or 
water were incubated together at 35° for 5 minutes before the addition of 
2.0 ml. of the enzyme solution.?2, The pH of all solutions was 7.5* and the 
buffer concentration in the reaction mixture was 0.05 Mm. The ionic strength 
was 0.8. After incubation for 20 minutes at 35° with shaking, 5 ml. of 5 
per cent trichloroacetic acid were added. Control flasks were not incubated 
and were identical with the reaction flasks, with the exception that the en- 
zyme solutions were added after the addition of the trichloroacetic acid. 
The optical density increment in the absence of casein was negligible. 
After centrifugation, the optical density at 280 my of the supernatant 
fluid from the reaction flask was measured by using the supernatant fluid 
from the control flask as the blank. 

All assays were performed with casein as the substrate and with enzyme 
concentrations adjusted to be proportional to the optical density increment. 

The activity of the various enzyme preparations is expressed as a ‘‘dermo- 
proteinase”? (DP) unit which is defined as that amount of enzyme which 
will produce an optical density increment of 1.00 per minute at 280 mu 
under the above standard conditions. The activity obtainable from 1 
gm. of skin acetone powder is designated [DP]r;¢. 


1 Casein, after Hammersten (Nutritional Biochemicals Corporation, Cleveland, 
Ohio), was denatured according to Beloff and Peters (1) and prepared as a 2 per cent 
suspension. It was freshly prepared for each day of use. , 

?The enzyme solutions, in buffer, were not incubated at 35.0°, owing to their 
great lability in the absence of substrate at this temperature. This thermal in- 
stability varied greatly with the type of enzyme pretreatment, and for comparative 
purposes all enzyme solutions were kept at 1° before addition to the reaction flasks. 
Otherwise, they were stored at —30°. 

*The pH optimum for the digestion of casein and urea-denatured hemoglobin 
was found to be in the range of pH 7 to7.5. Phosphate, Veronal, and the universal 
buffer of Ostling and Virtama (8) gave concordant results. 
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Results 


Enhancement of Enzymatic Activity—Initial studies were directed toward 
the purification and further characterization of the proteinase activity of 
extracts prepared by extracting skin acetone powder at room temperature 


TABLE I 


Potentiation of Enzyme Activity by Freezing and Thawing, Acetone Precipitation, 
or Exposure to Ionic Strength 1.6 


Enzyme preparation Activity* 
“ frozen at —30°, thawed at 1°|]...... 385 


* Calculated as [DP]rz, X 10? (see under ‘‘Materials and methods’’). All values | 


represent the average of several determinations. 

t 1 gm. of skin acetone powder was extracted at room temperature for 30 minutes 
with 10 ml. of 0.05 m phosphate buffer containing 0.67 m KCl at pH 7.5 (ionic strength 
0.8). The use of this pH rather than 7.0, as used by Beloff and Peters (1), gave a 
slightly greater yield of activity. 

t This value was increased to 125 when the Beloff and Peters’ type extract was 
assayed at the ionic strength (0.4), used by Beloff and Peters (1) in their assays. 
However, if activity determinations at ionic strength 0.4 were corrected for the in- 
crease in the optical density at 280 mu contributed by the enzyme preparation when 
incubated in the absence of casein, the activity value decreased to 70. 

§ The values in parentheses represent activities determined subsequent to ex- 
posure of the enzyme solutions to an ionic strength of 1.6. In this type of deter- 
mination it was imperative that the enzyme solution was not exposed to the ionic 
strength of assay (0.8) until contact with the substrate had been accomplished. 
This was conveniently achieved by adjusting the volume of the enzyme aliquot so 
that a final ionic strength of 0.8 was obtained upon mixing with the substrate. 

|| Assays performed immediately after thawing. 

§ The Beloff and Peters type extract was precipitated with 45 volume per cent 
acetone at —4° to —6°. After collection of the precipitate by centrifugation at 0° 
it was suspended in the original extraction medium (ionic strength 0.8). 

** Prepared by extracting 1 gm. of skin acetone powder for 30 minutes at room 
temperature with 10 ml. of 0.1 m phosphate buffer containing 1.34 m KCl at pH 75 
(ionic strength 1.6). 


with 0.05 m phosphate bufier containing 0.67 m KCl at pH 7.5 (ionic 
strength 0.8). This procedure is essentially that of Beloff and Peters (1) 
and extracts prepared in this manner will be referred to as the Beloff and 
Peters’ type extract. Early in these studies it became apparent that much 
of the proteinase activity in these extracts existed in an inactive state 
which could be activated by various procedures. When this type of en- 
zyme preparation, containing 90 units per gm. of skin acetone powder, was 
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frozen at —30° and assayed immediately after thawing at 1°, a 4-fold in- 
crease in activity resulted (Table I). Activity potentiation was also ob- 
tained when this type of extract was treated with acetone (Table I). This 
procedure yielded approximately twice as much activity as was contained 
in the initial extract. 

These two observations indicated that a reinvestigation of extraction 
conditions might lead to increased yields of activity. When an extract of 
skin powder was prepared at room temperature by extraction at ionic 
strength, 1.6, an apparent 5-fold increase in activity was obtained (Table 
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lonic Strength of Extraction at I°C 


Fig. 1. The extraction of proteinase activity at 1° as a function of ionic strength. 
1 gm. samples of skin acetone powder were extracted at pH 7.5 and 1° for 4 hours 
with 10 ml. of 0.1 m phosphate buffer containing KCl to give the indicated ionic 
strengths. Curve A, activity determinations were performed by exposing each 
extract to an ionic strength 1.6 before assay; Curve B, assays were performed in the 
usual manner at ionic strength 0.8 without prior exposure to ionic strength 1.6. 


I). However, when the Beloff and Peters’ type extract was exposed to an 
ionic strength 1.6 (cf. Table I) before assay, the apparent increase in yield 
by extraction at ionic strength 1.6 disappeared. Only a slight increase in 
activity was observed when the fraction obtained by acetone precipitation 
was exposed to ionic strength 1.6 before assay. 

Effect of Ionic Strength on Proteinase Extraction at 1°—Since it was 
observed that the activity in the extract of ionic strength 1.6 at room tem- 
perature was unstable at approximately 25°, an observation that did not 
pertain to the active and potentially active proteinase activity in the Beloff 
and Peters’ type extract, the further investigations of extraction conditions 
were conducted at 1°. The extraction of skin powder with solutions of 
different ionic strengths is shown in Fig. 1, and it is apparent that the yield 
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of proteinase activity is a marked function of the ionic strength of extrac- 
tion (Curve A). Maximal extraction occurred at ionic strength 1.6.4 
The activity values in this curve were obtained by prior exposure of the 
enzyme solutions to ionic strength 1.6 and therefore represent the total 
activity obtainable from the skin acetone powder. The maximal yield 
(850 to 880 units) obtained by extraction at 1° with a buffer of ionic strength 
1.6 was approximately 10 times that derived by the original procedure of 
Beloff and Peters (90 units; cf. Table I). 

If the extracts obtained at ionic strengths 1.2, 1.35, and 1.47 were assayed 
without prior exposure to ionic strength 1.6, it can be seen (Curve B, Fig. 1) 


TABLE II 
Reversible Inactivation of Proteinase Activity 
Enzyme preparation Activity* 


* The values represent the average of a number’of experiments and are expressed 
as [DP]r X 10°. 

t 1 gm. of skin acetone powder, extracted for 15 hours at 1° with 10 ml. of 0.1 
phosphate buffer containing 1.34 m KCl at pH 7.5 (ionic strength 1.6). 

t The values in parentheses were obtained by exposure of the enzyme solution to 
ionic strength 1.6 before assay at 0.8 (cf. § footnote, Table I). 

§ Prepared by dialysis of the E-1.6 extract at 3° against several changes of dis- 
tilled water until essentially all salt had been removed. The resulting precipitate 
was collected by centrifugation at 1° and suspended in 0.8 m KCl. 

|| The E-1.6 extract was diluted with an equal volume of distilled water to give 
an ionic strength of 0.8 and kept at 1° for 20 hours. 


that the activity was suppressed. Thus, the differences in the ordinate 
values of Curves A and B represent the additional activation obtained by 
exposure of these extracts to an ionic strength 1.6 before assay. For 
maximal activation, the ionic strength of exposure must be 1.4 or greater 
since Curves A and B become identical at this abscissa value. 
Demonstration of Reversible Inactivation—Experiments presented in 
Table II demonstrated that a fully activated enzyme extract (E-1.6) 
could be inactivated by exposure to a lower ionic strength and that the 


4 Enzyme extracts prepared by extraction of skin acetone powder (1 gm.) at 1° 
with 10 ml. of 0.1 m phosphate buffer containing 1.34 mM KCl at pH 7.5 (ionic strength 
1.6) or with 1.6 m KCI will be referred to as E-1.6. The extracts prepared with either 
extractant were apparently equivalent, and, although the yield was maximal in a4 
hour extraction period, it proved convenient to extract overnight for approximately 
15 hours. 
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inactivated extract could be fully reactivated by raising the ionic strength 
to the original value of 1.6. 

Dialysis of the E-1.6 extract for 20 hours against distilled water yielded 
a precipitate which, when suspended in 0.8 m KCl (fraction EDP-1), 
possessed only one-third of the original activity. The supernatant fluid 
from the dialysis procedure was inactive. Original activity was restored 


Activity, x To 


0.4 0.8 1.2 1.6 


lonic Strength of Exposure atI°C 


Fic. 2. Effect of ionic strength; requirement for maximal activity and for re- 
versible inactivation. Equal aliquots of an E-1.6 extract were added at 1 minute 
intervals to incubation tubes at 1° containing phosphate-KCl buffers (pH 7.5) to 
give the final indicated ionic strengths. Immediately after mixing by inversion for 
10 seconds, aliquots were withdrawn and added to the reaction flasks at 35.0° con- 
taining casein and the appropriate phosphate-KCl buffer (pH 7.5). The final ionic 
strength and the buffer concentration (0.05 m phosphate) in the reaction flask were 
equal to those of the enzyme solution in the corresponding incubation tube. In the 
reaction mixture, the enzyme concentration was one-half the concentration (0.034 
mg. of protein N per ml.) in the incubation tube. The results of these assays were 
used to construct the zero time (t)) curve. Similar assays were performed after 
1, 4, and 10 hours of incubation at 1°. 


by raising the ionic strength of fraction EDP-1 to 1.6 before assay. This 
experiment showed that all of the activity initially in E-1.6 was contained 
in the EDP-1 fraction but in a partially inactive state. Thus, the apparent 
loss in activity after dialysis of E-1.6 was due to a reversible inactivation 
process and suggested that storage of the enzyme extract at 1° and ionic 
strength 0.8 would produce a similar reduction in activity. The expected 
result was obtained and, again, full activity could be regenerated by 
recycling the inactivated extract through an ionic strength of 1.6 (Table IT). 

Digestion of Casein and Inactivation of Proteinase Activity As Function 
of Ionic Strength—When aliquots of an E-1.6 extract were exposed to 
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various ionic strengths at 1° for 0, 1, 4, and 10 hours, the results shown in 
Fig. 2 were obtained. In contrast to the usual assays conducted at an 
ionic strength of 0.8, assays in this experiment were performed at the ionic 
strengths of exposure (0.2 to 1.6). Since the proteinase activity in E-1.6 is 


80 AO 


Per Cent Activity Remaining 


60 120 180 240 300 360 


Minutes 

Fic. 3. The inactivation of proteinase activity in K-1.6 as a function of pH at 
1° and ionic strength 0.6. K-1.6 was prepared by extraction of skin powder at 1° 
with 1.6 m KCl and aliquots exposed to pH 5.9 (@), 7.2 (A), and 9.1 (O) at ionic 
strength 0.6 for various times before assay (solid lines). The extent of reactivation 
was determined by recycling 360-minute inactivated aliquots through an ionic 
strength 1.6 before assay (dash lines). The ionic strength in all reaction flasks was 
0.6 and the pH,7.5. From the results of a titration curve of E-1.6, varying quantities 
of HCl or NaOH were added to incubation tubes at 1°, to which were added, at stag- 
gered intervals, identical aliquots of E-1.6 at zero time (0.47 mg. of protein N-ml.~?). 
The final ionic strength in all tubes was 0.6, and the pH was determined on aliquots 
with the glass electrode. Immediately after mixing and at various time intervals, 
aliquots from the incubation tubes were added to dilution tubes at 1° containing the 
appropriate phosphate-KCl buffer to give a final ionic strength of 0.6 and a pH of 
7.5. Aliquots were then removed from the dilution tubes to the reaction flasks con- 
taining casein and buffer. It took approximately 1 minute after zero time before 
the enzyme solution was in contact with the substrate. 


in a fully activated state, the zero time curve (to) defines the ionic strength 
requirement for the maximal rate of digestion of casein. This ionic 
strength is 0.6 and is distinct from the ionic strength requirement for 
maximal activation (1.4 or greater). 

With increasing exposure to the ionic strengths indicated in Fig. 2, the 
rate of inactivation was greater at ionic strength 0.6 than at ionic strengths 
above or below this value when the activity remaining at any time was 
compared to the zero time value. 
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Additional Observations on Reversible Inactivation of Proteinase Activity— 
The rate of inactivation of an E-1.6 extract as a function of pH was deter- 
mined at 1° and ionic strength 0.6. The results obtained at pH values of 
5.9, 7.2, and 9.1 are shown in Fig. 3. Below pH 5.5 and above a pH of 
approximately 9 the rate studies were obscured by the marked instability 
of the enzyme (or enzymes). After standing for 360 minutes at the indi- 


TABLE III 
Relative Thermal Inactivation of Proteinase Activity 
at Ionic Strengths of 1.6 and 0.8 


An E-1.6 extract (cf. Table II, f footnote) was diluted equally with 1.6 m KCl 
(final ionic strength 1.6) or was inactivated by diluting equally with distilled water 
and keeping at 1°for6 hours (final ionic strength 0.8). 0.5 ml. aliquots of these diluted 
extracts were heated in glass-stoppered test tubes at the indicated temperatures. 
The time of heating was taken as the total exposure period. Following heating, the 
tubes were chilled ina 1° bath. In order to determine the total activity remaining, 
the aliquots heated at ionic strength 0.8 were brought to ionic strength 1.6 before 
assay. The per cent inactivation was computed from the activity of controls at 1°. 


Per cent inactivation, heated at ionic strength 
Temperature Time of heating 
1.6 0.8 
°C. min. 
25 5 5 
30 25 
60 40 
35 5 21 0 
30 68 6 
50 2 67 7 
5 85 5 
15 100 27 
30 41 
60 2 95 22 
5 100 47 
15 72 


cated pH values, the extracts were reactivated by raising the ionic strength 
to 1.6. As seen in Fig. 3, full activity could be restored in the extracts 
which had been inactivated at pH 5.9 and 7.2. Under these conditions, 
therefore, no irreversible acid or base-catalyzed denaturation had occurred. 
Only 80 per cent of the total activity could be regained in extracts exposed 
to pH 9.1, while exposure to pH 3.4 destroyed all activity. 

The effects of variations in enzyme concentration and temperature upon 
the rate of inactivation at an ionic strength of 0.6 and pH 7.5 have been 
investigated. An increase in either of these two variables led to an in- 
creased inactivation rate. For example, the inactivation rates shown in 
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Fig. 3 were greater than those plotted in Fig. 2, where studies were con- 
ducted with an extract containing a considerably lower concentration of 
enzyme. 

It appears reasonable to propose, on the basis of the results obtained, 
that there exists an enzyme-inhibitor complex whose association and dis- 
sociation reactions are functions of the ionic strength environment, the 
dissociation being favored at an ionic strength of 1.4 or greater and the 
association reaction at lower ionic strengths.® 

Relative Thermal Instabilities at Ionic Strengths 1.6 and 0.8—During the 
course of these studies, it became evident that the enzyme extracts kept 
at room temperatures were less stable at ionic strength 1.6 than at ionic 
strength 0.8. In the light of the hypothesis stated in the preceding section, 
it would appear that the free enzyme was less thermostable than the postu- 
lated proteinase-inhibitor complex. The results of a study, in which a 
range of temperatures was employed (Table III), clearly demonstrated 
that extracts at an ionic strength of 1.6 were considerably less thermostable 
than extracts of ionic strength 0.8. It should be emphasized that the 
latter extracts were kept at an ionic strength of 0.8 for at least 6 hours prior 
to thermal exposure. This procedure insured a maximal formation of the 
suggested proteinase-inhibitor complex. 


DISCUSSION 


The greater proportion of the proteinase activity in extracts from skin 
acetone powder, active at a neutral pH, has been found to undergo a 
reversible transformation between an active and inactive state which is 
determined by the ionic strength of the enzyme solution. Exposure to an 
ionic strength 1.6 effects an apparently instantaneous activation of the 
proteinase activity, whereas exposure of the activated enzyme to a lower 
ionic strength (0.6 to 0.8) induces a slower conversion to the inactive state. 
Exposure to ionic strengths much above or below 0.6 produces less inactiva- 
tion. The rate of inactivation is probably greatest at or near this same 
value, although the actual ionic strength cannot be positively stated since 
the data in Fig. 2 were obtained with the ionic strength both of exposure 
and of assay as variables. With relatively concentrated enzyme prepara- 
tions, inactivation approaches an asymptotic limit in approximately 6 
hours at 1° and, at any stage of inactivation, full reactivation can be ob- 
tained by recycling the enzyme through an ionic environment of strength 
1.6 before assay. 

The inactivation process is pH-independent within the range of enzyme 
stability (pH 5.5 to 8) at 1°; above or below these values irreversible inacti- 


5 Extracts possessing similar properties have also been obtained from fresh rat 
skin that had not been frozen or treated with acetone. Extractions were performed 
with scissor-minced skin that had been ground with sand. 
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vation occurs. As would be expected, reversible inactivation occurs at a 
faster rate when the temperature is increased, but rate determinations are 
obscured by the great thermal lability of the activity in the fully activated 
state. 

A study of the digestion of casein by the fully activated enzyme prep- 
aration as a function of the ionic strength of assay demonstrated that 
maximal activity was obtained at 0.6. Thus, the ionic strength at which 
the fully activated enzyme is most active against casein is approximately 
the same ionic strength at which the greatest extent and rate of conversion 
to the inactive state occur in the absence of substrate. This is much 
lower than that required for activation, which is at ionic strength 1.4 or 
greater. 

Since it appears unlikely that more than one enzyme in skin extracts 
could have such properties as herein discussed, the designation of Proteinase 
C has been applied to the activity capable of being reversibly inactivated.® 
It is also postulated that the inactivation of Proteinase C occurs by associa- 
tion with an inhibitor (CIn), activation occurring upon the dissociation of 
the Proteinase C-CIn complex. 

Other workers have been concerned with the effect of ionic strength on 
proteinase activity. Lumry, Smith, and Glantz (9) have reported that 
carboxypeptidase activity with carbobenzoxyglycyl-L-tryptophan as sub- 
strate increased as the ionic strength of assay increased. An ionic strength 
of approximately 0.3 produced a maximal rate of hydrolysis. This effect 
was also demonstrated with the substrates carbobenzoxyglycy]-L-phenylala- 
nine and carbobenzoxyglycyl-L-leucine. Hess, Campbell, and Herranen 
(10), in an investigation of the proteinase activity from bovine palatine 
tonsils, showed that the activity was increased as the ionic strength was 
increased. However, the highest ionic strength that they studied was 0.1. 
It has also been reported that the a-chymotrypsin-catalyzed hydrolysis of 
N-acetyl-L-tyrosine ethyl ester (11) or of chloroacetyl-L-tyrosinamide (12) 
can be potentiated by the addition of MgSO,. Shine and Niemann have 
studied the hydrolysis of the latter substrate as a function of the salt con- 
centration and found it to be increased by the addition of NaCl or KCl 
(13). None of these systems has been shown to have a specific ionic 
strength requirement for maximal activity in a manner similar to that 
necessary for optimal Proteinase C activity. 


* The designation Proteinase A is reserved for another proteinase that can catalyze 
the hydrolysis of N-acetyl-t-tyrosine ethyl ester and can be inhibited by the blood 
inhibitor preparation of Beloff (6). Preliminary work dealing with this enzyme 
and the evidence for its non-identity with Proteinase C will be given in another 
paper in this series. The term B activity was used previously (7) to identify the 
water-soluble proteinase activity obtained by treatment of the Beloff and Peters’ 
type extract with acetone and which comprised several different types of proteolytic 
enzymes. 
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Although extensive use of the term “‘ionic strength” has been employed 
in this paper, with the attendant connotation that any salt would replace 
KCl, the authors are aware that this is not the case. Preliminary work 
has shown that some salts are completely incapable of dissociating Pro- 
teinase C from its inhibitor even when the concentration of the various 
salts employed was such that their mean ionic activity was equivalent to 
that of reference KCl solutions. It may be that specific ion effects are 
operative or that the mean ionic activities of different salts are not equiva- 
lent in the presence of skin-extracted proteins and the casein substrate. 

The importance of the magnitude of the ionic environment was also 
evident in studies of the pH and thermal stability of the proteinase activity 
in E-1.6. In general, it can be said that the activity is more stable to a 
particular hydrogen ion concentration and to a specific temperature when 
the Proteinase C activity is in a state of combination with CIn. The 
Proteinase C-CIn interaction, then, not only masks Proteinase C activity 
but also protects the enzyme from destruction under conditions in which, 
if Proteinase C was dissociated from CIn, extensive loss of Proteinase C 
activity would occur. 

The results presented in this paper demonstrate that the extraction 
procedure of Beloff and Peters can be markedly improved. Thus, in our 
experiments, an approximate 10-fold increase in yield was obtained when 
extraction was performed at 1° with an extractant of 1.6 ionic strength. 
However, it will be recalled that the enzyme extracts prepared and assayed 
by the Beloff and Peters procedure were not exposed at any time to ionic 
strength 1.6 and thus a major portion of the activity was in, an inactive 
state. When extracts prepared by their procedure were exposed to ionic 
strength 1.6 before assay, an approximate 5-fold increase in activity re- 
sulted. Actually, therefore, our extraction conditions effected a 2-fold 
increase in the yield of total activity. 


The enhancement of activity in the Beloff and Peters type extract by 


freezing and thawing, by exposure to ionic strength 1.6, and after acetone 
precipitation (fraction EP-1) are all procedures leading to activation of 
Proteinase C. Whereas, the first two procedures activate Proteinase C 
reversibly, treatment with acetone appears to destroy some of the postu- 
lated inhibitor. This tentative conclusion would account for the lessened 
activation of the EP-1 fraction when exposed to ionic strength 1.6 and 
would also explain the increased yield of activity in EP-1 relative to the 
Beloff and Peters type extract when assayed without activation. 


SUMMARY 


The conditions for the extraction and activation of proteinase activity 
from skin acetone powder have been described. Both extraction and 
activation have been found to be markedly dependent upon ionic strength. 


@) 
10 
P 
a 
10 

i 

1! 


id 


ras 


C. J. MARTIN AND A. E. AXELROD 321 


An enzyme labeled Proteinase C has been postulated to exist in skin 


extracts in reversible combination with an inhibitor (CIn) and the degree of 
association and dissociation is primarily a function of ionic strength. The 
ionic strength (1.6) for maximal dissociation of the Proteinase C-CIn 
interaction is markedly different from the ionic strength requirement of 
Proteinase C for the maximal rate of digestion of casein (0.6). The extent 
and rate of the Proteinase C and ClIn interaction are also greatest about 
ionic strength 0.6. This interaction has been found to be pH-independent 
over the range amenable to study. 
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Sorbitol is fermented in good yields to sorbose by some of the members 
of the Acetobacter species (1, 2). Resting cells of Acetobacter suboxydans 
may, in the absence of a source of nitrogen, oxidize sorbitol with the con- 
sumption of over 4 atoms of oxygen per molecule of substrate (3, 4). 
From a study of dinitrophenol action on this organism, the first step in 
sorbitol oxidation was shown to be non-phosphorylative (4, 5). 

Recently, a cyclic mechanism, the Horecker pentose cycle, has been 
demonstrated in A. suboxydans which can oxidize sugars to CO2 and water 
and can also lead to the formation of cellular materials (6). 

The present paper will demonstrate dual pathways for the oxidation of 
sorbitol by soluble extracts of A. suborydans. In the presence of triphos- 
phopyridine nucleotide (TPN), sorbose is formed; in the presence of di- 
phosphopyridine nucleotide (DPN), fructose is produced.' The fructose 
can then be phosphorylated and oxidized via the pentose cycle. Details 
of the properties of these TPN- and DPN-linked dehydrogenases will be 
given in a later paper. 


EXPERIMENTAL 


Organism, A. swhoxydans, ATCC No. 621, was used for all experiments. 
It was maintained on yeast-glycerol agar slants (7), and the culture was 
transferred every 2 weeks. 

Preparation of Cells—All cells used were grown in 10 liter batches at 
30°, with extremely rapid aeration. The medium was prepared as follows: 
To 10 liters of water were added 500 gm. of sorbitol, 100 gm. of yeast extract, 


*This work was supported by grants from the Nutrition Foundation, Inc., Swift 
and Company, and the Division of Research Grants and Fellowships, National Insti- 
tutes of Health, United States Public Health Service. Published with the approval 
of the Monographs Publications Committee, Research paper No. 303, School of 
Science, Department of Chemistry. Taken from the dissertation for the degree of 
Doctor of Philosophy of Joseph T. Cummins, Oregon State College, 1957. 

‘The following abbreviations will be used throughout this paper: CFE, cell-free 
extract; ATP, adenosine triphosphate; DPN, diphosphopyridine nucleotide; TPN, 
triphosphopyridine nucleotide; TPP, thiamine pyrophosphate; TTZ, triphenyltetra- 
zolium chloride; TTZH, reduced TTZ (formazan); Tris, tris(hydroxymethy]l)amino- 
methane; TCA, trichloroacetic acid. 
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50 gm. of KH2PO,, and 3 ml. of Dow antifoam. ‘The pH was then adjusted 
to 6, and the mixture was autoclaved at 15 pounds pressure for 40 minutes, 
The medium was inoculated with 100 ml. of an actively growing A. subozy- 
dans culture, and after 40 hours the cells were harvested in a Sharples 
supercentrifuge. The cells were starved for 1 hour by shaking in 1 liter of 
0.05 m phosphate buffer at pH 6 and were then washed twice with water, 
Finally the cells were frozen-dried in vacuo and stored at —10°. Yields 
of 1.1 to 1.3 gm. of dry weight were obtained per liter of medium. The 
cultures were found to be free of contamination. The cells were grown on 
sorbitol instead of glycerol as in the previous work (8), since this treatment 
increased the concentration of the enzymes studied. 

Preparation of Cell-Free Extract—The cell-free extract (CFE) was ob- 
tained by grinding together 4 gm. of dry cells, 8 gm. of alumina (Alcoa 
A-301 (8)), and 4 ml. of water. Ordinarily the preparation was centrifuged 
at 25,000 X g and dialyzed against distilled water for 8 hours, although in 
some experiments the dialysis was carried out against Dowex 50 to remove 
thiamine pyrophosphate (TPP). This procedure (9) involved dialysis of 
crude CFE in a cellophane bag against a suspension of the resin in the hy- 
drogen form, which had been washed until the pH of the suspending water 
remained unchanged. The protein precipitated within the bag. After 
18 hours at 1-3° the precipitated protein was centrifuged at 2000 X g 
and redissolved in 50 ml. of 0.01 m Tris buffer at pH 8.2. The supernatant 
solution was used after centrifuging again to remove traces of undissolved 
protein. 

Reagents—The following substances were obtained commercially and 
used without further purification: adenosine triphosphate (ATP) and di- 
and triphosphopyridine nucleotides from the Sigma Chemical Company; 
sorbitol from Matheson, Coleman, and Bell, Inc.; TPP from Hoffmann- 
La Roche and Company, Ltd.; sorbose from the Pfanstieh] Laboratories, 
Inc.; and orcinol from the Eastman Kodak Company. Sorbose-1-phos- 
phate was kindly supplied by Dr. H. A. Lardy. 

Analytical Methods—For colorimetric determinations, a Bausch and 
Lomb monochromatic colorimeter was employed. Experiments with 
oxygen as the final electron acceptor were performed by means of Warburg 
manometry, whereas those in which triphenyltetrazolium chloride (TTZ) 
was used were carried out as described previously (6). The latter method 
was adopted for larger volumes in some experiments in order to obtain 
greater quantities of products. 

Ribose was determined colorimetrically by the orcinol test at 660 mg, 
according to the method of LePage (10). Hexose was measured by the 
cysteine-H.SO, method (11), at 420 my. The Fiske-Subbarow method 
(12) was employed for organic and inorganic phosphorus determinations. 
Fructose and sorbose were measured by a method of Roe (13). 
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Paper Chromatography—Whatman filter paper No. 1 was used. Phos- 
phate esters were prepared as previously described (6) and identified on 
paper chromatograms by the method of Hanes and Isherwood (14). For 
the identification of fructose and sorbose, digestion mixtures containing the 
sugars were concentrated to 0.1 ml. by lyophilization before the mixture 
was placed on paper. The sugars were located by the aniline phthalate 
method (15). 


Results 


Sorbose Oxidation—Resting cells in the presence of ATP were able to 
oxidize sorbose with the consumption of 3 atoms of oxygen (see Fig. 1). 


Fructose 


Sorbitol 


ATOMS OXYGEN PER 
MOLECULE SUBSTRATE ADDED 


Oo 50 100 180 200 250 300 350 
TIME (minutes) 

Fic. 1. Oxidation of glucose, fructose, sorbose, and sorbitol by resting A. sub- 
orydans cells. Each Warburg vessel contained 20 umoles of MgCls, 6 umoles of ATP, 
0.2 umole of TPN, 6 umoles of substrate, 70 wmoles of phosphate buffer at pH 6.0, 
20 mg. of suspended cells. Total volume, 3.0 ml.; atmosphere, air; temperature, 29°. 


However, without ATP only 1 atom of oxygen was consumed, and there 
was a 2 hour lag period before oxidation began. This is in line with earlier 
observations (4) on the non-phosphorylative character of the first sorbitol 
oxidation step, as contrasted to the subsequent steps which are phosphate- 
dependent. With cell-free extracts, with either O. or TTZ as the final 
electron acceptor, no oxidation was obtained, even when ATP was supplied. 
Sorbose-1-phosphate was also not significantly oxidized. With paper 
chromatography, it was not possible to show the formation of any new 
phosphate esters after the incubation of sorbose with ATP and CFE; 
neither was any inorganic P formed. Warburg manometry in bicarbonate 
buffer with sorbose, ATP, and CFE did not show any increase in acid that 
would have reflected a phosphorylation process. 

Sorbitol Oxidation—Resting cells oxidized sorbitol with the consumption 
of up to 5.5 atoms of oxygen per molecule, either with or without ATP. 
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The cell-free extract without ATP formed 1 molecule of TTZH per molecule 
of sorbitol, with either DPN or TPN. However, in the presence of ATP, 
DPN materially improved the oxidation. When compared to the behavior 
of these systems upon glucose and glycerol (Table I) (cf. (6)), it was ap- 
parent that this preferential enhancement of oxidation by DPN was pecul- 
iar to sorbitol. 

Identification of Products—Since the extent of the oxidation of sorbitol 
depended upon the pyridine nucleotide employed, it was thought that the 
products of DPN and TPN oxidation might be different. This proved to 
be correct, as shown in Table II, where fructose and sorbose were identi- 
fied as the respective products. A small amount of fructose was formed 


TABLE I 


Phosphorylative and Non-Phosphorylative Oxidations with DPN 
and TPN by Cell-Free Extract of A. suborydans 


TPN DPN 
Substrate 
—ATP +ATP —ATP +ATP 
CO 0 0 0 0 
Glycerol............... 0 0.40 0.15 0.40 
Glucose. .............. 1.30 2.40 1.10 1.95 


The tubes were incubated in vacuo for 4 hours with 2 umoles of substrate, 2 umoles 
of ATP, 0.1 umole of TPN or DPN, 50 umoles of MgCl:, 100 uwmoles of Tris buffer at 
pH 8.5, 10 umoles of TTZ, 0.2 ml. of CFE. The total volume was 1 ml.; tempera- 
ture, 30°. The figures are in micromoles. 


along with sorbose in the TPN system; this may have resulted from traces 
of DPN remaining in the enzyme preparations. Positive identification of 
the sugars was made by optical rotation, by melting points, and by the 
crystalline form of the osazones. In order to obtain satisfactory melting 
points, the osazones were first purified by means of a talcum powder column 
according to the procedure of Jgrgensen (18). 

Fructose Oxidation; Pentose Cycle Activity—In contrast to sorbose, 
which was not oxidized in cell-free extracts, fructose was dissimilated to the 
extent of about 3 atoms of oxygen per molecule in soluble extracts and up to 
8.8 atoms by whole cells, as shown in Fig. 1. The intermediate oxygen 
consumption by resting cells in the sorbitol oxidation (5.5 atoms) is pre- 
sumably due to the summation of the dual pathways through which a part 
of the substrate goes to sorbose with only 1 atom of oxygen consumed per 
mole of sorbitol. 

Upon oxidation of sorbitol with DPN, the fructose formed could be dis- 
similated via the pentose cycle. Table III demonstrates the quantitative 
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ule | formation of pentose and hexose for both the DPN and TPN oxidations. 
'P, | Pentose accumulated in the digestion mixture because TPP had been re- 
rior | moved from the enzyme and transketolase could therefore not function. 


ap- 
ul- TABLE II 
Identification of Products of Sorbitol Oxidation by A. suborydans 
itl | Pyridine nucleotide added 
the “standard ‘standard 
to DPN TPN 
Position constant in phe- 
ned nol-HO 0.93 0.69 1.00 0.73 
[a] (16), degrees.......... — 102 —48 —92 —42 
Crystal form of osazone 
Rosettes | Amorphous} Rosettes | Amorphous 
Melting point of osazone 
— The reaction mixtures contained the following: 180 umoles of sorbitol, 10 ~zmoles 
of TPN or DPN, 3 ml. of CFE, 100 wmoles of TTZ, 500 umoles of MgCle, 1 mmole of 
— | Tris buffer, pH 8.5. The total volume was 10 ml.; temperature, 30°; time, 4 hours. 
1 ml. of 50 per cent TCA was added, and the mixture was centrifuged and extracted 
with ether. The [a]” was calculated on the basis of sorbose and fructose deter- 
mined both by the cysteine-H2SO, and resorcinol methods. 
* The position constant is the distance traveled by the compound divided by the 
re distance traveled by fructose. 
oles 
r at TaBLeE III 
onal Formation of Hexose and Pentose from Sorbitol in Presence of ATP 
DPN observed | DPN calculated* | TPN observed | TPN calculated* 
ee pmoles pmoles pmoles pmoles 
TiS reduced............ 31 25 7 7 
the Hexose formed.......... 1 7 
ing Pentose formed.......... 8 0 
mn 
The tubes were incubated in vacuo with 20 umoles of sorbitol, 20 umoles of ATP, 
re 1 umole of TPN or DPN, 0.5 mmole of MgClz, 1 mmole of Tris buffer at pH 8.5, 100 


umoles of TTZ,3 ml. of CFE. The total volume was 10 ml.; temperature, 30°; time, 
the 2 hours. The reaction was stopped with 1 ml. of 50 per cent TCA. Pentose and 
) to hexose were assayed as described in the text, with ribose and fructose (or sorbose) 
zen as standards. 

* Based on quantities of hexose and pentose formed (3 umoles of TTZ should 
be reduced per umole of pentose obtained). 


art 

ad Fig. 2 indicates the rate of formation of hexose and pentose by the cell- 
free extract during sorbitol oxidation, with TTZ as electron acceptor. 
TPP-deficient enzyme was used, and the TPP added again after 2 hours. 
In the oxidation of sorbitol with DPN and ATP, pentose formed to the 
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extent of 0.4 mole per mole of sorbitol, then dropped to zero after the ad- | 0x! 
dition of TPP; hexose accumulated in the mixture until TPP was added, | me 
then dropped slightly to a constant value. In the incubation of sorbitol | inv 
with TPN and ATP, 0.1 mole of pentose was formed per mole of sorbitol, | Ch 
This also decreased to zero upon the addition of TPP, whereas hexose 
reached a peak of 0.3 mole per mole of sorbitol and was unaffected by the | 0x! 
addition of TPP. The small amount of pentose formed during the TPN the 
oxidation may have been due to some DPN in the system, or it may have the 


}TPP_Added| 


MOLECULE SORBITOL ADDED 


MOLECULES OF PRODUCT PER 


| 2 
TIME (Hours) 


Fig. 2. Conversion of sorbitol to hexose and pentose with a TPP-deficient enzyme 

in the presence of either DPN or TPN. CFE was dialyzed against Dowex 50 for 20 1 
hours. The reaction mixture contained 3 ml. of dialyzed CFE, 20 umoles of sorbitol, 2 
20 umoles of ATP, 100 umoles of TTZ, 2 umoles of DPN or TPN as indicated, and 3 
200 umoles of Tris buffer, pH 8.5. Total volume, 20 ml.; temperature, 30°. After 4 
2 hours incubation, 5 umoles of TPP were added to each tube. 3 ml. aliquots were 5. 
removed at the indicated time intervals, and the reaction was stopped with 0.5 ml. 6. 
7 

8 

9 

0 


of 50 per cent trichloroacetic acid (TCA). Pentose and hexose were assayed as 
described in the text with ribose and fructose (or sorbose) as standards. A blank of 
the digestion mixtures containing no sorbitol was subtracted to give the plotted 
values. 


— 


been in part due to as yet unidentified intermediates (related to sorbose?) i 
which also characterize the partial dissimilation of sorbose in resting cells. 
| DISCUSSION | 


Cell-free preparations of A. swhoxydans possess three pathways for the 15 
oxidation of sorbitol. In addition to the particulate dehydrogenase (19) | 


which catalyzes a one-step oxidation of sorbitol (presumably to hexose), 7 
the soluble portions of the cells contain the two alternative enzyme systems 
described herein. Since sorbose is formed in the presence of TPN and fruc- 18 


tose with DPN, pyridine nucleotide appears to determine which pathway 19 
will be employed, 7.e. which end of the sorbitol molecule will undergo - 
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oxidation. This unexpected influence of pyridine nucleotide in guiding 
metabolic ‘‘traffic” has also been noted in certain animal systems under 
investigation in this laboratory (R. L. Jolley, R. W. Newburgh, and V. H. 
Cheldelin, unpublished results; also Wenner and Weinhouse (20)). 

The present observations also demonstrate clearly that in the first step 
oxidation of sorbitol ATP is produced. The latter, in turn, phosphorylates 
the fructose formed to channel the pathway into the pentose cycle. On 
the other hand, sorbose cannot be further phosphorylated or oxidized with 
CFE. Only in whole cells in the presence of an energy source can this 
sugar be extensively dissimilated. This process, including the intermediate 
products arising during its operation, is still unknown. 


SUMMARY 


The oxidation of sorbitol by soluble extracts of Acetobacter suboxydans 
proceeds by two pathways, depending upon which pyridine nucleotide is 
present. In the presence of triphosphopyridine nucleotide, sorbose is 
formed. In the presence of diphosphopyridine nucleotide fructose is pro- 
duced. The fructose can then be phosphorylated or further oxidized by 
cell-free extracts. These two newly defined pathways occur in addition to 
the previously demonstrated sorbitol dehydrogenase which is found in the 
particulate fraction of the cells. 
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FURTHER STUDIES ON THE PATHWAY OF SERINE 
FORMATION FROM CARBOHYDRATE* 


By AKIRA ICHIHARAT anp DAVID M. GREENBERG 


(From the Department of Physiological Chemistry, University of California 
School of Medicine, Berkeley, California) 


(Received for publication, March 21, 1956) 


In a previous paper (1) the authors reported on the enzymatic forma- 
tion of serine from glyceric acid (GA), 3-phosphoglyceric acid (PGA), and 
3-phosphohydroxypyruvic acid (PHPA).! It was also suggested that the 
biosynthesis of serine might involve the following enzyme activities: a 
kinase phosphorylating GA, a dehydrogenase acting on PGA, a transam- 
inase aminating PHPA, and the dephosphorylation of phosphoserine by 
phosphatase. 

It was not proved, however, in the previous work that phosphoserine 
was an Obligatory intermediate in the reaction sequence between GA or 
PGA and serine. This evidence is now provided, and the results of further 
studies on the nature of the different steps of the above reaction sequence 
are reported. 


Materials and Methods 


Materials—The sources of the key compounds employed in the present 
experiments were reported in the previous paper, except for phosphoserine 
and pi-serine-1-C™., ‘The synthesis and characterization of PHPA have 
been completed by Ballou and Hesse (2).2, This compound was generously 
supplied to us by Dr. C. E. Ballou of the Department of Biochemistry of 
this University. The phosphoserine was prepared in our laboratory ac- 
cording to the method of Plapinger and Wagner-Jauregg (3), and was 


* Aided by research grants from the National Cancer Institute, United States 
Public Health Service (grant No. C-327), and the American Cancer Society, recom- 
mended by the Committee on Growth of the National Research Council. 

t On leave from the Institute of Microbial Diseases, Osaka University, Osaka, 
Japan. 

'The following additional abbreviations are used: Tris, tris(hydroxymethy])- 
aminomethane; ATP, adenosine triphosphate; DPN, diphosphopyridine nucleotide; 
DPNH, reduced diphosphopyridine nucleotide. 

?The compound is prepared as a crystalline salt of the dimethyl ketal, which on 
mild hydrolysis gives the free hydroxypyruvic acid phosphate. The latter, obtained 
as a barium salt, was inactive with lactic dehydrogenase, but the hydroxypyruvic 
acid, formed by enzymatic dephosphorylation, reacted quantitatively in the lactic 
dehydrogenase-DPNH system. ‘Titration data and the absorption spectrum con- 
firm the structure defined by the mode of synthesis. 
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purified by passage through a Dowex 1 (acetate form) column by the pro- 
cedure of Kennedy and Smith (4). The pt-serine-1-C™ was prepared in 
our laboratory some years ago by Dr. E. M. Gal. 

Enzyme Preparation—The enzyme preparation was made from homog. 
enized rat liver in the same manner and under the same conditions as pre- 
viously described (1). The incubations were performed aerobically, usu- 
ally for a period of 2 hours at 37° with 2 ml. of the enzyme preparation, 
containing about 20 mg. of protein, in 5 ml. of medium with 2 ml. of 0.1 
M phosphate buffer, pH 7.4, and substrates and cofactors as indicated. 
When the conditions differed from the above, they are noted. At the end 
of the incubation, the reaction was stopped by the addition of trichloro- 
acetic acid to give a final concentration of 10 per cent. 

Assay Methods—Transaminase activity was determined by analysis of 
the serine formed, by periodate oxidation according to the method of 
Frisell et al. (5). Phosphatase activity was determined by analysis of in- 
organic phosphate by the method of Lowry and Lopez (6). In these tests 
the phosphate buffer normally used in the preparation of the enzyme and 
in the incubations was replaced by 0.2 m Tris buffer, pH 7.4. 

Identification of Formed Serine and Phosphoserine—The deproteinized 
reaction mixture was neutralized with NaOH, concentrated to a small 
volume, and then passed through a Dowex | (acetate form) column (4). 
5 ml. aliquots of the effluent liquid were collected and analyzed for ninhy- 
drin color-positive material by the procedure of Moore and Stein (7). For 
non-radioactive material, each peak of the ninhydrin-positive effluent was 
concentrated and chromatographed on Whatman No. 1 paper according to 
the method of Kennedy and Smith (4). For purposes of identification, 
comparisons were made on the same paper chromatograms with ninhydrin- 
positive spots of known authentic materials. With radioactive materials, 
the aliquots from the column were evaporated to dryness in polyethylene 
planchets and counted with a gas flow Geiger-Miiller counter. 

Identification of Formed 3-Phosphohydroxypyruvate—The deproteinized 
incubation mixture was mixed with an equal volume of 0.2 per cent 2,4- 
dinitrophenylhydrazine in 2 N HCI and allowed to stand in a refrigerator 
for several hours. The reaction mixture was extracted with benzene, the 
benzene solution was extracted with NaHCO; solution, and the latter with 
ether, successively. The ether extract was evaporated, and the dried 
residue was dissolved in 0.2 ml. of ethanol and neutralized with 0.2 ml. of 
0.1 m phosphate buffer, pH 7.4. Aliquots of this solution were chromato- 
graphed on Whatman No. 1 paper with the solvent mixture tert-amy] alco- 
hol-ethanol-water in the proportions by volume of 50:10:40. The dinitro- 
phenylhydrazones separated as yellow spots. When radioactive sub- 
strates were employed, the spots were cut out and the radioactivity was 
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counted in a Geiger-Miiller counter. A sample of synthetic PHPA 
yielded two spots on the paper chromatogram, the faster moving one hav- 
ing the same Ry value as the hydrazone of pyruvic acid. While it has not 
been proved, it is possible that this spot may represent pyruvic acid*® 


- Pyruvate LD 

- PHPA 
=> -Incubation 
E Sample 
Radioactive Glyceric Acid 
> 2O000- 
> 
= | 
L i i l L l L 
Radioactive Phosphoglyceric Acid 

30+ 


Distance from Origin (cm,) 


Fia. 1. Test of the formation of PHPA from pL-glyceric acid-3-C" and from radio- 
active PGA by paper chromatography of the 2,4-dinitrophenylhydrazones. Con- 
tents of GA incubation (5 ml.): 15 uwmoles of GA-3-C"™ (5 & 105 ¢.p.m.) incubated with 
2 ml. of enzyme, 10 umoles of DPN, 20 umoles of ATP, 1 X 10-3 mM Mg**t, 20 umoles of 
glutathione, and 30 wmoles of 3-PHPA ascarrier. The glutathione was added because 
in other experiments it was found to have an activating effect on the dehydrogenase 
activity on PGA. Contents of PGA incubation (5 ml.): 20 wmoles of enzymatically 
prepared radioactive PGA (1 to 2 X 10* ¢.p.m.) incubated with 2 ml. of enzyme, 10 
umoles of DPN, 20 umoles of glutathione, and 30 umoles of 3-PHPA as carrier. 


formed from PHPA during the preparation of the hydrazone. The same 
two spots were found in the incubation extracts. 


RESULTS AND DISCUSSION 


Formation of 3-Phosphohydroxypyruvic Acid—The formation of PHPA in 
the proposed reaction sequence was readily demonstrated by employing 
C'-labeled GA. The reaction sequence from GA presumably involves two 


* That it is not hydroxypyruvic acid was established by synthesizing this com- 
pound from bromopyruvic acid (8) and comparing the paper chromatographs of the 
hydrazones of hydroxypyruvic and pyruvic acids. The Rp of the former was 0.73 
and that of the latter 0.52 with the solvent mixture given in the text. 
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enzymes, GA kinase and PGA dehydrogenase. Fig. 1 shows the chro- pre 
matograms obtained upon aerobic incubation of the radioactive GA with 
enzyme extract and the materials given in the legend. The radioactivity 
and the position of the spots from the incubation extract coincide very 
well with that of the synthetic PHPA. About 2 per cent of the radio- 
activity of the incubated GA was present in the two spots on the chro- 
matogram. Ifthe more rapidly migrating spot is pyruvic acid, it is unlikely 
that it was formed enzymatically during the incubation, since PHPA shows 
the same two spots. 

The only possible explanations of the incorporation of the radioactivity 
of GA into the two spots found on the chromatogram are either that the 
GA is converted to PGA and then dehydrogenated or that the glycerate is 
first dehydrogenated and then phosphorylated. Our previous studies of 
serine formation from glycerate and our more recent investigation‘ of p- 
glycerate kinase, which was found to convert p-glycerate almost quantita- 
tively to PGA, strongly support the former explanation. : 

Incubations were also performed with enzymatically prepared C'4-PGA‘ 
in order to study the isolated single step reaction from PGA to PHPA. AT 
Formation of PHPA was readily observable, as is shown in Fig. 1. glu 

Formation of Phosphoserine and Serine—Radioactive phosphoserine and 
serine were formed from the C'-glyceric acid when glutamic acid was added 
to the incubation medium. The results of such an experiment are repre- 
sented in the chromatogram in Fig. 2. 

The formation of phosphoserine and serine from PGA and PHPA was 
also easily demonstrable. The products of the incubations with these 
substrates were identified by column and paper chromatography. The 
results of a column separation are plotted in Fig. 3. Table I shows the 
comparison of the Ry values on paper of the effluent samples with serine, 
glutamic acid, and phosphoserine, respectively. 

Properties of Transaminase System—The transaminase activity of this 
system was found to be largely concentrated with the protein fraction 


‘Unpublished results of A. Ichihara and D. M. Greenberg. ba 

5’ Theradioactive PGA was prepared by incubating 15 umoles of labeled GA (5 X 10° O, 
c.p.m.) with purified glyceric acid kinase from horse liver in the presence of 20 umoles 2n 
of ATP and 1 X 10° m Mgt. After 90 minutes of incubation, the reaction on 
was stopped with trichloroacetic acid (10 per cent concentration). 50 umoles of cold um 
PGA were added to the deproteinized mixture, the inorganic phosphate was precipi- y 
tated with magnesia mixture, and excess barium acetate was added to the supernatant 
fluid (adjusted to pH 8.5) to precipitate the PGA. The precipitate formed by 
was washed several times with water at pH 8.5 and dried over P20; in vacuo. The ge 
dried powder was dissolved in 0.1 nN HCl, and 1 n H.SO, was added until no further 
precipitate of BaSO, was formed. This solution, after removing the precipitate, was 
neutralized with 0.1 n NaOH and was used as the source of radioactive PGA, after 
being made up to an appropriate volume and counted for radioactivity. tr 
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precipitated by 40 to 60 per cent saturation of ammonium sulfate. Tests 
with a number of amino acids and glutamine showed that glutamic acid was 
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Fic. 2. Column chromatography of phosphoserine and serine formed from incu- 
bation of radioactive glyceric acid. Contents of incubation (5 ml.): 15 wmoles of 
pt-GA-3-C'* (5 X 105 ¢.p.m.) incubated with 2 ml. of enzyme, 20 umoles of 
ATP, 1 X 10-3 m Mgt**, 10 umoles of DPN, 20 umoles of glutamic acid, 20 umoles of 
glutathione, 50 y of pyridoxal phosphate, and 50 umoles of phosphoserine as carrier. 
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Effluent Volume (ml.) 

Fic. 3. Column chromatography of phosphoserine and serine formed from incu- 
bation of phosphoglyceric acid and 3-phosphohydroxypyruviec acid. @, PHPA; 
O, PGA. Contents of PGA incubation (5 ml.): 50 wmoles of PGA incubated with 
2 ml. of enzyme, 10 of DPN, 50 umoles of glutamic acid, 20 zmoles of glutathi- 
one, and 50 y of pyridoxal phosphate. Contents of PHPA incubation (5 ml.): 30 
umoles of PHPA incubated with 1 ml. of enzyme, 30 umoles of glutamic acid, and 50 
y of pyridoxal phosphate. 


by far the most effective amino group donor (Table II). The results sug- 
gest that it may even be a specific amino group donor for PHPA. 

In most transamination experiments, serine only was determined because 
of the convenience of measurement. However, a balance study of the 
transamination reaction with PHPA was performed in which the amino 


ro- 
ity 
ry 
io- 
0- 
aly 
WS 
ty 
he 
is 
of 
D- 
A 5 
A. 
d 
#0 
as 
se 
he 
he | 
e, 
| 56 
is 
on | 
4 
es i 
on 
sid 
nt 
ed 
he 
er 
as 
pr 


336 SERINE BIOSYNTHESIS 


acids were separated by column chromatography on Dowex 1, and the 
amount of each was determined by the ninhydrin color reaction, each amino 
acid serving as its own standard. The results are shown in Table III. 
The results of the balance study show that the sum of 7.55 umoles of serine 


TABLE I 
Rp Values on Paper of Ninhydrin-Positive Compounds from Dowez 1 Column 

Materials Rr 
Fraction 40 (195-200 ml.)*.......................0.. 0.43 
Fraction 100 (495-500 0.27 


* The effluent volumes of the collected effluent fractions (Fig. 3). The solvent 
systems are as in Kennedy and Smith (4). 


TABLE II 
Activity of Amino Acids As Donors in Transamination to Form Serine 
Contents of incubations (5 ml.): 2 wmoles of PHPA, 5 uwmoles of the indicated 


amino acid, 20 y of pyridoxal phosphate, 23 mg. of enzyme protein, 0.1 m phosphate 
buffer, pH 7.4, 1 10-?m Mg**. Incubation time, 1 hour. 


Amino acid Serine formed 

pmoles 


* Preincubated with pyridoxal phosphate for 15 minutes before adding substrate- 
All other experiments were performed without preincubation. 


plus phosphoserine was formed, while 7.9 wmoles of glutamic acid disap- 
peared. 

The reversibility of the transamination reaction was determined by 
carrying out a balance experiment with phosphoserine as substrate and 
a-ketoglutarate as amino group acceptor (Table IV). Phosphoserine, 
serine, and glutamic acid were determined in the same manner as in the 
balance experiment with PHPA. Tris buffer was employed in order to 
enable the measurement of the inorganic phosphate liberated during the 


inc 
dis: 
ser 
in t 
phe 
20 
7.4, 
mo 
Co 
Co 
Co 
| 
gli 
M 
Gl 
PI 
Br 
m 
as 
de 
t 
Ve 


II. 
ine 


nt 


A. ICHIHARA AND D. M. GREENBERG 337 


incubation. The data in Table IV show that 10.2 umoles of phosphoserine 
disappeared during the incubation, while the sum of the glutamic acid and 
serine after incubation was only 7.5 wmoles. The cause of the disparity 
in the balance between these two sets of figures is not clear. The inorganic 
phosphate does not help in the interpretation because it is derived from 


TaBLeE III 
Balance Study of Transamination 
Contents of incubations (4 ml.): 20 wmoles of PHPA, 20 umoles of amino acid, 
20 y of pyridoxal phosphate, 25 mg. of enzyme protein, 0.1 m phosphate buffer, pH 
7.4,1 xX 10°? m Mg*t. Incubation time, 1 hour. The values are measured in micro- 
moles. 


Zero time After incubation 
Complete system with gluta- 
wh 20.2 0.1 0.3 12.3 2.8 5.15 
Complete system minus gluta- 
Complete system with alanine..| 20.4 0.2 0.2 18.2 0.06 0.9 
TABLE IV 


Balance Study of Reversibility of Transamination 
Contents of incubations (4 ml.): 20 uwmoles of phosphoserine, 20 umoles of a-keto- 
glutarate, 20 mg. of enzyme protein, 2 ml. of 0.2 m Tris buffer, pH 7.4, 1 X 107-3 mM 
Mg**. Incubation time, 2 hours. 


Compounds Zero time After incubation 
pmoles pmoles 
5.2 
20.3 10.1 


both phosphoserine and phosphohydroxypyruvate. In control experi- 
ments it was found that, under the conditions of the balance experiment, 
the rate of dephosphorylation of phosphohydroxypyruvate was about half 
as great as that of phosphoserine, and that the presence of a-ketoglutarate 
decreased the rate of liberation of the inorganic phosphate to one-third of 
the value without it. 

Although pyridoxal phosphate was routinely added to the incubation 
vessels in the experiments involving a transamination step (except in the 
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experiments of Table IV), the stimulation it produced was small in most | P° 
instances, and in some instances there was none at all. In the crude en. | 
zyme preparations employed, there evidently was nearly always suff- | 4° 
cient pyridoxal phosphate present to give nearly maximal activity. cu 

Phosphoserine was reported to be transaminated by the pyruvate-ala- | Pt 
nine system by Bychkov (9), but Cohen (10) found no transamination be- 
tween phosphoserine and oxalacetate or a-ketoglutarate. Sallach (11) | te 
reported the presence of a serine-alanine transaminase in dog liver and | a 
suggested that serine might be synthesized from PGA through p-glyceric | PI 
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Fic. 4. Activity of phosphatase on phosphoserine. Contents of incubation se 
(3 ml.):1 ml. of enzyme, 3 umoles of phosphoserine, and buffer. Mg** present in upper 
curves, absent in lower curves. Buffer for alkaline curves, 0.2 m Tris. Buffer for 


Inorganic Phosphate (,:Moles) 


One 
Oo 
00 


acid curves, 0.1 acetate. 
acid and hydroxypyruvic acid. The present studies show that glutamic @., 
acid is greatly superior as an amino acid donor for PHPA than is alanine b 
(Table II). This point was not clearly established in our previous paper la 
(1). There are no grounds for believing that the transaminase forming . 
phosphoserine is specific for this amino acid. The region of the ammonium 
sulfate solubility of the transaminase activity and the preferential utiliza- m 
tion of glutamic acid as an amino group donor are characteristic of the } 
transaminase preparations acting on a large number of the amino acids : 


(12). The serine transaminating enzyme of Sallach, which exhibits greater 
activity with alanine may, of course, not be the same as that which trans- 
aminates phosphoserine. D 

Phosphatase Action on Phosphoserine—Phosphoserine is readily decom- |} * 
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posed to serine by phosphatase activity. The curves of the release of in- 
organic phosphate by the action of liver extracts at different pH values 
are shown in Fig. 4. From the fact that two phosphatase activity pH 
curves are obtained, with pH optima of 8.5 and 5.0, it would appear the 
phosphoserine is dephosphorylated by non-specific phosphatases (13). 
Irreversible Conversion of Phosphoserine to Serine—Experiments to de- 
termine the possible presence of a serine kinase were performed by incu- 
bating DL-serine-1-C' *§ with ATP and Mg?** in the presence of carrier phos- 
phoserine. No radioactivity was detected in the phosphoserine fraction. 
In another experiment the irreversible conversion of phosphoserine to 
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Fic. 5. Lack of pathway of formation of phosphoserine through serine. @, 
ninhydrin color value; O, radioactivity. Contents of incubation (5 ml.): 30 wmoles 
of PHPA incubated with 2 ml. of enzyme in the presence of 5.65 umoles of DL-serine- 
1-C' (3 X 105 ¢.p.m.), 20 umoles of ATP, 1 X 10-* m Mg**, and 30 umoles of glutamic 
acid. Incubation contents separated by column chromatography on Dowex 1, and 
serine and phosphoserine counted for radioactivity. 


Serine 
Glutamate 
ph 
o----0 


serine was demonstrated by transaminating inert PHPA in the presence of 
radioactive serine. <A plot of this experiment is given in Fig. 5. The fig- 
ure shows that only the isolated serine exhibited any radioactivity, this 
being derived from the added labeled serine. The phosphoserine formed 
lacked any radioactivity. This demonstrates that the phosphoserine could 
not have been produced by a process which involved the prior formation 
of 3-hydroxypyruvic acid and transamination to serine, with a subsequent 
rephosphorylation to phosphoserine. 

The experimental evidence discussed above is completely consistent with 
the hypothesis that serine is synthesized from GA and PGA through PHPA 
and phosphoserine. 


*Test for serine kinase activity performed by incubating 5.65 uwmoles of 
DL-serine-1-C'4 (3 & 105 ¢.p.m.) with 2 ml. of enzyme, 20 umoles of ATP, 1 K 10°° mM 
Mg*+, and 20 umoles of phosphoserine as carrier. 
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We are greatly indebted to Dr. C. E. Ballou of the Department of Bio- 
chemistry for a generous supply of phosphohydroxypyruvate and to Mr. 
D. C. Morrison of our Department for the synthesis of phosphoserine. 


SUMMARY 


Evidence is presented that the biosynthesis of serine from glyceric acid 
and phosphoglyceric acid proceeds via phosphohydroxypyruvic acid and 
phosphoserine. 

In support of this pathway the following enzymatic reactions were dem- 
onstrated with a crude enzyme system from rat liver: (1) the formation of 
3-phosphohydroxypyruvic acid from p-glyceric acid and 3-phosphoglyceric 
acid, (2) the formation of phosphoserine from p-glyceric acid, 3-phospho- 
glyceric acid, and 3-phosphohydroxypyruvic acid, and (3) the decomposi- 
tion of phosphoserine to serine by phosphatase action and the inability to 
detect any serine kinase activity. The evidence presented is consistent 
with the hypothesis that serine is synthesized from carbohydrate through 
3-phosphoglyceric acid and that phosphoserine is an obligatory interme- 
diate in the reaction pathway. 
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THE ROLE OF DIETARY BETAINE AND VITAMIN B,, IN 
CHOLINE FORMATION BY THE RAT* 


Bry ROBERT J. YOUNG, COLIN C. LUCAS, JEAN M. PATTERSON, 
anv C. H. BEST 


(From the Banting and Best Department of Medical Research, University of Toronto, 
Toronto, Canada) 


(Received for publication, June 27, 1956) 


It is generally agreed that the lipotropic properties of betaine and me- 
thionine depend upon their possession of biologically labile methyl] groups 
that may be used in the biosynthesis of choline. In addition, it is recog- 
nized that these labile methyl groups are also used for other metabolic 
purposes which include the formation of creatine and of methylnicotin- 
amide. 

Gillis and Norris (1, 2) and Schaefer et al. (3) observed that vitamin By,» 
reduced the requirement for dietary choline in both the chick and the rat. 
The elucidation of the mechanism of the relationship between vitamin 
By. and the lipotropic compounds has been the subject of many subse- 
quent investigations (4-26). Growth studies with rats by Bennett (8) 
and with chicks by Gillis and Norris (12) gave the first indication that 
vitamin B,. functions in the synthesis of methyl groups. Studies with 
poults (20), chicks (22), and baby pigs (23, 24) indicate that vitamin Bj». 
is not concerned in transmethylation. Other investigations with use of 
isotopic techniques (15, 17, 21) have shown that vitamin By, aids in the 
synthesis de novo of methyl groups. The physiological significance of the 
methyl synthesis in the rat, attributable to vitamin Bi2, has been ques- 
tioned by Best e¢ al. (18). The present paper describes an attempt to 
estimate the amount of methy] synthesis in rats which can be attributed 
to vitamin B;z. Growth, liver fat, and kidney lesions were used as criteria 
to compare the relative importance of the newly synthesized methy] groups 
with those available by transmethylation from dietary betaine. 


EXPERIMENTAL 


Female weanling rats, 40 to 60 gm. in weight, were used in these experi- 
ments. The rats were housed in individual cages with raised wire screen 
floors, were allowed food and water ad libitum, and were fed the diets for 
21 days. Individual rats were weighed weekly, and their food consump- 
tion was recorded daily. At the end of the experiment, the animals were 


* This work was supported in part by grants from the Nutrition Foundation, Inc., 
and from the National Research Council of Canada. 
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anesthetized with ether and decapitated. The livers were removed im- 
mediately, wiped free from blood, and weighed. Liver lipides were de- 
termined by hot alcohol extraction, followed by rectification with a 3:1 
(v/v) mixture of petroleum ether and chloroform (27). The kidneys were 
examined for gross hemorrhagic lesions. 

The basal diet used in this study had the following composition per 100 
gm.: alcohol-extracted peanut meal 12.0, washed soy protein (Alpha-pro- 
tein, The Glidden Company) 8.0, vitamin-free casein 1.0, cystine 0.2, salt 
mixture 3, sucrose 38.8, cornstarch 10, dextrin 10, Cellu flour 1.0, hydro- 
genated fat (Primex) 10.0, corn oil 5.0, vitamins A and D concentrate 0.01, 
a-tocopheryl acetate 0.01, and sucrose-vitamin mixture (without vitamin 
Biz) 1.0. Details of the preparation of the proteins have been reported by 
Young e¢ al. (28) and the composition of the salt and vitamin mixtures by 
Ridout et al. (29). 

Preliminary experiments had established the adequacy of this diet with 
respect to the essential amino acids (28). It supplied 15 per cent protein 
which contains only 190 mg. of methionine per 100 gm. of diet and was 
essentially free from choline. The low methionine content of the diet prob- 
ably insures that most of the methionine will be used for protein synthesis, 
leaving little available for lipotropic purposes. 

Supplements of choline, betaine, and monomethylaminoethanol in freshly 
made aqueous solutions were added to the soy protein, which was then 
dried, ground, and mixed into the remainder of the diet. Monomethyl- 
aminoethanol was supplied at a dietary concentration (0.0495 per cent) 
molecularly equivalent to 0.08 per cent choline. Previous experiments 
(28) in which this type of diet was used had established that this level of 
choline permits the accumulation in the liver of about 9 per cent total lip- 
ides, an amount slightly above the normal range (5.5 to 7.5 per cent), on 
the shoulder of the dose-response curve. Therefore, any change in the 
amount of choline formed when the precursor (monomethylaminoethanol) 
was supplied at an equivalent concentration with various levels of betaine 
should be reflected by changes in the amount of liver fat. The formation 
of choline from monomethylaminoethanol requires the addition of two 
methyl groups. Betaine was added at twice the molar concentration of 
the monomethylaminoethanol, since 1 molecule of betaine supplies only 
one labile methyl group. Other groups of rats were fed the diets contain- 
ing betaine at molar concentrations either above or below that necessary 
to methylate the monomethylaminoethanol. These treatments were stud- 
ied in the presence and absence of vitamin Bj». 


RESULTS AND DISCUSSION 


The results of the first two experiments were averaged and are shown in 
Table I. All the rats fed the basal diet without or with vitamin By, devel- 
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oped severe kidney lesions; in both basal groups, ten out of twelve rats 
died. In the absence of vitamin B,2, supplementary betaine improved 
growth, offered some protection against kidney lesions, and had some effect 
in lowering liver fat. Monomethylaminoethanol alone prevented the 


TaBLeE I 


Choline Formation from Betaine and Monomethylaminoethanol As 
Measured by Growth and Total Liver Lipides in Rats 
in Presence and Absence of Dietary Vitamin Bi 


No vitamin By2 Plus vitamin Biz, 3.0 y per 100 gm. 
per cent | t ber ae r t per 
gm. per cen cent gm. per cen cent 
0.41 + + 0.45$100 2 1.38 + 0.81'30.2 + 0.16100, 2 
0.15 betaine . 1.86 + 0.18 |25.6 + 1.39 | 42 10 2.75 + 0.1920.6 + 2.26 17) 12 
0.23 2.44 + 0.17 15.5 + 1.40) 8 10 (2.73 + 0.2112.9 + 1.91; O 12 
0.0495 
MMAES$...0.65 + 0.14 |17.1 + 1.54 0, 12 \2.07 + 0.15,23.2 + 1.31) 12 
0.0195 MM- | 
AE | | 
0.077 be- | 
taine...... 1.77 + 0.15 |11.4 + 0.62 O 12 /2.90 + 0.0912.9 + 1.01) O 10 
0.0495 MM- 
AE + 0.15 


betaine....|2.04 + 0.15 | 7.5 + 0.66 | 0) 10 3.09 + 0.15 8.9 + 0.37; O 12 


AE + 0.23 
betaine... .{2.51 + 0.14 14; 0 12 3.13 + 0.17 


5.9 + 0. 3. 0.17) 6. 11 
0.08 choline. .|1.76 + 0.10 | 6.0 + 0.30 | 0} 11 2.99 + 0.11) 8. 


8 + 
12 


— 


0.48 
0.57 


* Liver lipides expressed as per cent fresh weight. 
t Twelve rats started in each group. 

t Mean + standard error. 

§ Monomethylaminoethanol. 


development of kidney lesions and reduced the liver fat to about the same 
extent (from 37 to 17 per cent). It did not promote growth. 

The addition of increasing levels of betaine to the diet containing the 
0.0495 per cent monomethylaminoethanol gave a stepwise increase in 
growth and a progressive reduction in liver fat. The rats that received 
0.0495 per cent monomethylaminoethanol and 0.15 per cent betaine (i.e. 
molar concentrations sufficient to form 0.08 per cent choline) made greater 
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daily gains and had almost the same amount of liver fat as those animals 
given the choline. 

The addition of 3.0 y of vitamin By. per 100 gm. to each of the experi- 
mental diets improved the rate of growth of the rats in every case. How- 
ever, the animals given betaine plus vitamin B,2 had a lower liver fat and 
a lower incidence of kidney lesions than those given betaine alone, in spite 
of the fact that improved growth usually increases the choline requirement. 

The most dramatic response to supplementation with vitamin By. oc- 
curred in those rats that received monomethylaminoethanol alone or 
with one-half enough betaine (0.077 per cent) to methylate it. The growth 
in the latter group was almost equal to that of the rats receiving 0.08 per 
cent choline plus vitamin B;2. However, the liver fat was not reduced to 
quite the same extent as that of the rats given choline. The dramatic 
response to vitamin B,2 under conditions of a methyl deficiency and in 
the presence of an adequate supply of the carbon chain moiety of choline 
demonstrates that vitamin B,. favors the synthesis of methyl groups. 
However, vitamin By. is not concerned in transmethylation, since equi- 
molar amounts of choline or its precursors, betaine and monomethy]l- 


aminoethanol, are equally effective in the absence of vitamin Biz. These © 


data confirm the observations of several investigators, who used rats (17), 
baby pigs (23, 24), chicks (12, 22), and poults (20). On the other hand, 
Williams et al. (19), Mistry et al. (25), and Ericson et al. (26) found that 


a vitamin B,2 deficiency in rats reduced the activity of betaine-homocys, | 


teine transmethylase measured in vitro. Ericson et al. (26) concluded that 
in the rat vitamin Bj, influences the synthesis of methionine through its 
effect both on the formation of a cofactor of betaine-homocysteine trans- 
methylase and on the synthesis de novo of methyl groups. Mistry et al. 


(25) believed that the effect which they observed was due to other causes, — 


since the amount of vitamin B,2 was the same in the livers of vitamin By 
depleted and -repleted rats. Possibly the betaine-homocysteine in vitro 
system studied by Mistry et al. (25) and Ericson et al. (26) and the in vivo 
betaine-ethanolamine transmethylase system involved in this investiga- 
tion require different cofactors. On the other hand, Gillis and Norris 
(12) and Young e¢ al. (22) found that vitamin B.-deficient chicks utilized 
betaine plus homocysteine as effectively as methionine for growth. These 
observations have been substantiated by the in vitro studies of Mistry et al. 
(25), who, using liver homogenates, found that a vitamin By. deficiency in 
the chick or the baby pig had no effect on the formation of methionine. 
The addition of 3.0 y of vitamin B,2 to the various diets containing mar- 
ginal choline (0.08 per cent) or equimolar amounts of its precursors caused 
an increase in liver fat. This increase was probably a reflection of the 
increased rate of gain, with the result that the limited supply of dietary 
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choline (or of methyl groups supplied by betaine) was used preferentially 
for growth, leaving less available for lipotropic purposes. 

In the absence of vitamin Bi2, when monomethylaminoethanol was 
present, the higher dose of betaine (0.23 per cent, 7.e. an amount in excess 
of that necessary to methylate the monomethylaminoethanol) gave better 
growth than 0.08 per cent choline or equivalent amounts of its precursors 
and maintained the liver fat within the normal range. Additional ex- 
periments were, therefore, conducted to determine the effect of still higher 
levels of betaine in diets lacking vitamin B,2 as well as in those supplied 
with vitamin B,2 at suboptimal levels. The results have been averaged 
and are summarized in Table II. 

Previous experiments had established that the basal diet gives rise to 
100 per cent incidence of kidney lesions in young rats (cf. Table I), and 
that vitamin Bi. has no beneficial effect under these conditions. Similar 
findings were reported by Best et al. (18). Therefore, repetition of these 
particular conditions was not considered necessary in the experiments 
summarized in Table II. In the absence of vitamin By, either 0.08 per 
cent choline or molar equivalents of its precursors (0.049 per cent mono- 


- methylaminoethanol plus 0.15 per cent betaine) produced the same av- 
erage daily gain and total liver lipides. Higher dosage with betaine gave 
_ afurther growth response and reduced the liver lipides to about 6 per cent. 
- Increasing the level of choline to 0.16 per cent did not improve growth 


wer that obtained with 0.08 per cent choline, but it did reduce the liver 


_ lipides slightly. As noted in the previous experiment, the addition of vita- 
- min Bie to diets limited in choline tended to increase liver fat. This effect 


was not observed when the diet contained betaine or adequate levels of 


choline. 


To facilitate comparison, some of the data from Tables I and II have 
been combined and are shown in Fig. 1. The average daily gains of the 
rats given monomethylaminoethanol in the diet have been plotted against 
the dosage of betaine. Under the conditions of these experiments, the 
vitamin Biz requirement of the rats fed the various diets appears to be 
met by 0.5 y of vitamin By per 100 gm. of diet. Therefore, Curve 3 rep- 
resents the average gain of all rats receiving 0.5 y or more of vitamin By» 
per 100 gm. of diet. 

When the diet contains adequate betaine (0.23 to 0.31 per cent), the 
growth response due to the addition of adequate vitamin B,. (compare 
Curve 3 with Curve 1, Fig. 1) was about 0.6 gm. per day (3.2 minus 2.6 
gm.). In the absence of dietary betaine, or when the diet was inade- 
quately supplied with betaine (0.077 per cent), the growth response due 
to vitamin Biz. was 1.2 gm. per day (2.0 minus 0.8 gm. and 2.95 minus 
1.75 gm., respectively). The difference between these responses to vita- 
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* These diets contain 0.0495 per cent monomethylaminoethanol. 
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min By (1.2 minus 0.6 = 0.6 gm. per day) was probably due to methyl 
synthesis. These observations are consistent with the hypothesis that 
one role of vitamin By is to promote the synthesis of methyl groups when 
the diet fails to provide these in sufficient amounts. 

By comparing Curve 2 with Curve 1 (Fig. 1), it can be seen that less 
betaine (e.g. 0.15 per cent) produced just as much growth when 0.2 y of 
vitamin B;2 was present as did a larger amount of betaine (0.23 per cent) 
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Fic. 1. The average daily gain of rats fed a hypolipotropic diet containing 0.0495 
per cent monomethylaminoethanol plus increasing levels of betaine with no vitamin 
Biz (QD), 0.2 y of vitamin (A), 0.57 of vitamin (gm), 1.0 y of vitamin By, (@), 
and 3.0 y of vitamin B,2 (X) per 100 gm. of diet. Curve 3 (O) represents the average 
gain for rats fed 0.5, 1.0, and 3.0 y of vitamin Biz per 100 gm. of diet. The 
numbers under each experimental point are the average total liver lipides, expressed 
as per cent wet weight, for rats on each group. 


when vitamin B,2 was absent. Similar comparisons can be made between 
Curves 3and 2. These observations lend further support to the hypothesis 
that vitamin B,2 produces methyl groups to compensate for a partial de- 
ficiency of betaine and that betaine can, to that extent, replace vitamin 
By. The fact that betaine will not completely replace the vitamin By: 
requirement for growth is consonant with the fact that vitamin By. has 
essential hematopoietic and other metabolic functions (30-34) in addition 
to the synthesis of methy] groups. 

Attention should be drawn to the observation that, under the conditions 
of these experiments, vitamin B,. did not cause a reduction in liver fat, 
although it caused a marked growth response. On the other hand, the 
addition of 0.15 per cent betaine to the diet lacking vitamin B,. not only 
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promoted an increased rate of gain equal to that obtained with vitamin 
Biz but also reduced the liver fat to almost the same level as did 0.08 per 
_cent choline. Either the methyl groups synthesized de novo under the 
influence of vitamin B,2 went to form methionine, which was then used for 
growth purposes, or there was insufficient metabolic homocysteine present 
to act as an acceptor of the newly synthesized methyl groups, which could 
then be used to form choline by transmethylation. It should be recalled 
that the choline-sparing action of vitamin B;2 as measured by protection 
from renal damage, observed by Strength et al. (13), was shown by Best 
et al. (18) to be evident only when at least a specific minimal amount of 
methionine was present in the diet. This sparing action of vitamin B,, 
was not evident in diets containing lower levels of methionine. Pertinent 
also is the observation of Bennett et al. (35) that vitamin Bi, had a lipo- 
tropic effect when fed in a synthetic amino acid diet containing homocys- 
tine. 

Stekol et al. (17) have suggested that methyl groups, synthesized de 
novo from serine or formate, are at first incorporated into methionine and 
then by transmethylation into choline and creatine. <A similar hypothesis 
was presented by Arnstein and Neuberger (21), but these authors point 
out that the alternative explanation that the methyl groups are incorpo- 
rated independently into both choline and methionine and that the former 
has a much slower turnover rate, at least under conditions of a deficiency 
of dietary methyl groups, is not excluded. The results of these experi- 
ments show that betaine, on the other hand, appears to contribute a biolog- 
ically labile methyl group directly for both choline formation, as measured 
by the reduction in liver fat, and the synthesis of methionine, as measured 
by growth. 

The data indicate that the growth response from vitamin By, attributa- 
ble to methyl synthesis is approximately equal to the growth obtained 
from 0.077 per cent betaine. Thus, under the conditions of these experi- 
ments, the amount of methyl] synthesis appears approximately equal to 
the amount of methyl groups supplied by 0.077 per cent betaine. How- 
ever, since the liver fat was not reduced to the same extent with vitamin 
By. as it was with 0.077 per cent betaine, it appears that less than this 
amount of methyl groups was actually formed. On the other hand, as 
discussed previously, a deficiency of an acceptor may have limited methyl 
transfer to form choline. 


SUMMARY 


Experiments were conducted with rats to determine the amount of 
methyl synthesis attributable to vitamin B,. and to compare the effects of 
these newly formed methyl groups with those available from dietary be- 
taine. 
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Betaine plus monomethylaminoethanol was just as effective as equi- 
molar amounts of choline in the presence or absence of vitamin By, for 
both growth and fat mobilization. These results confirmed the findings 
of several investigations that vitamin Bj. is not concerned in transmethyla- 
tion. 

In rats with a deficiency of dietary methyl] groups, vitamin B,, was 
shown to stimulate the synthesis of these radicals. The amount of methyl 
synthesis, as measured by growth, appears to be equivalent to that con- 
tributed by about 0.077 per cent betaine. However, the total liver lipides 
were not reduced with vitamin By, as they were by 0.077 per cent betaine. 
It appears that somewhat less than this amount of methyl synthesis ac- 
tually occurred, or that these methyl groups were used preferentially for 
growth, or that a deficiency of an acceptor limited methyl] transfer to form 
choline. These possibilities have been discussed. 

Vitamin B,2 produces methyl groups to compensate for a partial defi- 
ciency of betaine, and betaine can replace that aspect of the function of 
vitamin B,2 which is concerned with the synthesis de novo of methyl] groups. 


The a-tocophery] acetate was kindly supplied by the Distillation Prod- 
ucts Industries, Rochester, New York, through the kind assistance of Mr. 
G. Hughes of the Charles Albert Smith Company, Ltd., Toronto. 
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KINETICS OF FIXATION OF NITROGEN BY 
AZOTOBACTER VINELANDII* 


By R. M. ALLISONT anp R. H. BURRIS 


(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison, Wisconsin) 


(Received for publication, April 4, 1956) 


During the past 15 years, N'5 has proved a powerful tool in the investiga- 
tion of biological nitrogen fixation, both for the discovery of further organ- 
isms possessing this faculty and in the elucidation of the mechanism of 
fixation (1-5). Studies in the latter field have emphasized two aspects, 
(a) the uniformity of mechanism found in diverse groups of organisms and 
(b) the primary role of ammonia in this mechanism. However, there have — 
been only two reports (6, 7) of the isolation of ammonia as the most highly 
labeled nitrogenous compound from organisms fixing N,!®. The result 
obtained with the anaerobe Clostridium pasteurianum was a consequence 
of the metabolic peculiarity of this organism in excreting large amounts of 
its newly fixed nitrogen into the growth medium, and the result with Azo- 
tobacter vinelandii was obtained with heavy suspensions of cells under 
rather abnormal experimental conditions. Although these observations 
furnish the most direct evidence for the role of ammonia in biological nitro- 
gen fixation, much supporting evidence of less specific nature has also been 
obtained (4, 5). 

A profitable kinetic approach to a similar problem, that of photosyn- 
thetic CO, fixation, has been used especially effectively by Calvin’s 
group (8). Their method relies upon the preservation of a steady state of 
all metabolic pools of intermediates prior to and during the exposure of the 
organism to C'4O2, and upon the analysis of these pools for specific and 
total activity of constituents after known exposures. The application of 
these methods to N,!® fixation by A. vinelandii appeared promising. A 
favorable indication was the discovery, early in the present investigation, 
that actively growing cells of the azotobacter excrete a small and constant 
proportion of the nitrogen they fix, thus enabling events in the extracellular 
metabolic pool to be traced. 

The subject of this communication is a kinetic analysis of the N! ac- 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
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cumulated in cell and supernatant fractions obtained from short steady 
state exposures. We have shown that N:2 is reduced directly to ammonia 
in the fixation process, and that the small amounts of this substance which 
appear in the medium are undoubtedly juvenile. This ammonia is the 
primary source of the organically bound N in A. vinelandii cultures which 
are actively fixing molecular nitrogen as the sole source of nitrogen. 


EXPERIMENTAL 


Azotobacter vinelandii, strain O, was grown in 6 liter liquid cultures on 
Burk’s N-free medium (7) with 3 per cent sucrose as a source of carbon. 
Aeration of the cultures was standardized to secure 100 mg. of cellular N 
per liter while growth was still exponential. With a 10 per cent inoculum 
of an exponentially growing culture from a shaken flask, 100 mg. of 
cellular N per liter of culture could be obtained in 14 hours. Growth during 
the last 8 hours was exponential. A closed circuit system, modified from 
that used by Burris in 1942 (2), was used to expose the active cultures to 
an isotopically enriched mixture of N2'®-Oo-He (20:20:60). Fig. 1 is a 
diagram of the exposure apparatus. The gas-circulating pump was an 
adapted automobile fuel pump, carefully sealed to prevent atmospheric 
contamination of the circulating gas mixture. 

The apparatus was used as follows: Before exposure of a culture to N,'5, 
the whole apparatus was evacuated with the pump operating and the sam- 
ple bulb (D) open. Then the bypass stopcock (F) was turned to the “by- 
pass” position. The gas mixture containing N,!> held in the gas 
reservoir (B) then was admitted in sufficient quantity so that the gas pres- 
sure in the system would be 15 mm. of Hg below atmospheric pressure after 


the exposure chamber (C) had been filled with 1 liter of culture. In prepa- — 


ration for exposure, the active culture was transferred to the culture reser- 
voir (A), where aeration was continued. It was calculated that the 
atmospheric N» dissolved in the culture would support fixation for approxi- 
mately 10 minutes; therefore this N2 was largely removed by washing the 
culture for 2 minutes with a mixture of O2 and He (20:80) immediately 
before admitting the culture to the exposure chamber. Rapid filling of 
the chamber was achieved by relying upon the partial vacuum in the sys- 
tem, the hydrostatic head in the culture reservoir, and large bore-connecting 
tubing. The clamps (J) used in filling and emptying the chamber were 
“visegrip” wrenches “working” on rubber tubing. After admission of the 
culture to the exposure chamber, the bypass stopcock was turned to the 
“aerate” position, and timing of the exposure commenced with the appear- 
ance of gas bubbles from the sintered glass aerator (K). Exposure was 
stopped by bypassing the circulating gas and sucking the exposed culture 
into the previously evacuated flask (F), which contained sufficient 4 N HCl 
to bring the culture to pH 2. Times for filling and emptying the exposure 
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chamber were 3 and 2 seconds, respectively; the maximal error in timing 
a 1 minute exposure was approximately 10 per cent. Survey runs to deter- 
mine the rate of fixation were made by withdrawing successive 100 ml. ali- 
quots from the exposure chamber. 

The whole culture, acidified to pH 2 after exposure, was centrifuged and 
separated into cells and supernatant fluid, upon both of which total N and 
N'§ analyses were performed. Washed cells were hydrolyzed under a re- 
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Fic. 1. Apparatus for exposure of cultures to N2!5. For description, see the text. 
A, culture reservoir; B, gas reservoir; C, exposure chamber; D, gas sample bulb; 
E, evacuated flask; F, bypass stopcock; H, mercury manometer; J, “visegrip”’ 
clamps; K, sintered glass aerator. 


flux with 6 n HCl for 18 hours, and the filtered hydrolysate, containing 
approximately 100 mg. of N ina small volume of 1.5 N HCl, was fractionated 
on a Dowex 50 (H*) column 55 X 5.4 em. (9). Columns were highly re- 
producible, both with regard to the pattern of elution of amino acids, pu- 
rines, and pyrimidines and the elution volume for each compound (Fig. 2). 
Aspartic and glutamic acids were separated from contaminating serine and 
threonine on Amberlite IR-4B ion exchange columns (10). Pure fractions 
of each component of the hydrolysates were obtained and subjected to 
mass analysis for N}5. 

The supernatant solutions, after neutralization, were evaporated in vacuo 
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Fig. 2. Separation on a column of Dowex 50 (H*) of amino acids, purines, and fir 
pyrimidines from a hydrolysate of cells of A. vinelandii. The column was 55 X 5.4 ex 
cm., and the points plotted represent the amino nitrogen (ninhydrin analysis with ac 
leucine as a standard) in each aliquot, or the material absorbing at 260 my in each 
aliquot. Asp., aspartic acid; ser., serine; threo., threonine; glut., glutamic acid; 
gly., glycine; ala., alanine; val., valine; pro., proline; meth., methionine; ileu., iso- 
leucine; leu., leucine; cyst., cystine; tyr., tyrosine; lys., lysine; hist., histidine; arg., th 
arginine; pala., phenylalanine; aden., adenine. th 
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to one-fourth their original volume and aerated at pH 9.5 to obtain free 
ammonia. ‘The supernatant solutions were again neutralized, and then 
passed through a 5 X 10 cm. bed of Dowex 50 (H*), and the column was 
washed with water to remove carbohydrates. Amino acids and peptides 
were eluted from the resin with 6 N HCl, and excess of HCl was removed 
by vacuum distillation at low temperatures. The glutamine amide N was 
recovered by hydrolysis at pH 6.5 and aeration at pH 9.5 (11), while glu- 
tamine amino N was obtained in the form of pyrrolidonecarboxylic acid by 
extraction with ethyl acetate at pH 2.4 (12). The residual solution was 
treated with Neuberg’s reagent (13) to remove most of the salts formed dur- 
ing pH adjustment, and subsequently was deionized electrolytically (14). 
Qualitative amino acid composition was obtained by paper partition chro- 
matography, and glutamic acid was isolated from IR-4B columns. The 
remaining peptide-amino acid mixture was hydrolyzed, and additional 
glutamic acid was isolated by ion exchange. The nitrogen in these frac- 
tions was analyzed for N?5. 


Results 


Ion exchange analysis of the cell hydrolysates yielded approximately 
95 per cent recovery of the hydrolysate N in twenty-five compounds. 

Early experiments designed to demonstrate the feasibility of obtaining 
sufficient fixation of N.!® during short exposures are summarized in Fig. 3. 
The occurrence of a high concentration of N!° in the supernatant solutions 
was surprising, since a previous 90 minute exposure (2) had yielded only 
very small amounts of N!® fixed in the medium.! Two explanations may 
be suggested for this divergence of results. First, the addition of HCl used 
in the present work for stopping fixation and assimilation may have ex- 
tracted labeled N from the cells, thereby contributing this N with that of 
the medium. Second, the cooling used in the previous investigation for 
stopping activity may not have stopped assimilation of fixed N from the 
medium during the period of cooling and separation. Experiments de- 
signed to test these two possibilities yielded the results shown in Table I. 

From these figures, it is clear that acid killing does extract soluble N from 
the cells, but does so differentially, and also that the medium contains small 
amounts of highly labeled nitrogenous compounds. The results of a con- 
firmatory experiment, in which larger volumes of culture (2 liter total) were 
exposed, rapidly chilled, centrifuged, and the sedimented cells treated with 
acid, are shown in Table II. 

The significance of these observations will be discussed in context later 


‘In this paper the term medium is used in the strict sense to distinguish it from 
the supernatant solution, which implies the presence of compounds extracted from 
the cells by the HCI used for killing. : 
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Fic. 3. Fixation of N2!5 by cultures of A. vinelandii. The specific activities 
(atom per cent N!5 excess) in the total nitrogen of the whole culture, @; cells, Q; i 
supernatant solutions, O, are given. cen 


TABLE I 
Extraction Effect of 0.01 Nn HCl upon A. vinelandii Cells 


The exposure was 20 minutes; the gas phase was 5 atom per cent N2!5; 100 ml. of 
shaken flask culture. Residue N is the N remaining after removal of NHs3. 


Atom per cent excess 
found in 
Sample NHs-N | Residue N |} Total N 
| Residue N 
mg. per l.| mg. perl. | mg. per |. 
+ HCl extractives........., 0.37 17.60 17.97 0.32 0.563 
4.30 | 2.05 | 2.07 | 0.48 | 7.2 
Medium 
TaBLE II the 
Distribution of Total N and N‘* among Cells, Medium, and Acid of 
Extract of A. vinelandii Culture 

The dissolved Nz was not removed before exposure of culture to N2!5. The ex- 
posure time was 5 minutes; the Nz supplied contained 9.0 atom per cent N!5. The | 
culture was added to chipped ice to cool it quickly before cells were recovered and ; 
extracted with 0.01 n HCl. - 
Sample Total N Atom per cent excess N'* of 
mg. per l. Co 
Extracted (0.01 Nn HCl)............... 18.8 0.093 as 
Whole culture*....................... 123.5 0.060 of 
Medium + extractives*............... 25.1 0.205 ia 
Cells unextracted*.................... 117.2 0.034 7 | 
is 
* Calculated from the above data. hi 
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in this paper. There was no evidence that assimilation was possible after 
acidification of the cultures with HCl. On the other hand, sufficient or- 
ganically bound N?* to account for considerable assimilation was found in 
cells from a culture which had been chilled from 30° to 2° in 30 seconds 
while in contact with chipped ice and 2 p.p.m. of N!®H,-N (32 atom per 
cent N}5). 

Fig. 4 indicates the N! assimilated after 1, 2, and 5 minute exposures of 
three similar cultures to N.!5, as described earlier. The Ne used in these 
experiments contained 52.0 atom per cent N'5, and the cultures contained 
119 mg. + 10 mg. of N per liter. Graphic representations of the change in 
specific activity (atom per cent excess N!°) with time and change in per- 
centage total N?® with time are given for groups of compounds isolated from 
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Fic. 4. Fixation of N!5 by A. vinelandii during short exposures to N2!5. The 
specific activities (atom per cent N'* excess) in the total nitrogen of whole cultures, 
@; cells, O; supernatant solutions X 10-', O, are given. 


the supernatant solutions (media plus extractives) and from hydrolysates 
of these cells in Figs. 5 to 10. 


DISCUSSION 


The fixation rates attained during short exposures to N,!® (k for 0 to 2 
minutes was 0.061, and for 0 to 5 minutes 0.050 (Fig. 4)) are comparable to 
those reported by others (15, 16) with the azotobacter tested over a period 
of 4 hours, but are well below the rates obtained under the best cultural 
conditions in our laboratory. According to Table II, killing the cultures 
with HCl extracts approximately 3 times as much soluble N from the cells 
as was already present in the medium. Table II also indicates that the 
medium without extractives contained 46 per cent of the total excess N45 
of the culture, whereas the supernatant (medium plus extractives) con- 
tained 69 per cent of the total excess N° of the culture. Previously pub- 
lished work based on the use of N.!5 has not always taken into account the 
high label in the fixed nitrogen of the medium. 
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The approximate linearity of the curves for fixation of N»!° by the whole 


cultures (Figs. 3 and 4) suggests that the curves for N’® concentration in 
individual components may be interpreted in terms of “‘steady state’’ fixa- 
tion (17, 18). The agreement of the 0 to 2 and 0 to 5 minute k values also 
indicates essentially steady state fixation. 

The curves for the appearance of N'* in cell hydrolysate fractions prob- 
ably represent the late assimilatory phase of nitrogen utilization by the 
azotobacter, and those for the soluble constituents more nearly repre- 
sent the fixation and early assimilatory phases. 
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Fic. 5. N'> in fractions isolated from hydrolysates of cells of A. vinelandii sup- 
plied N2'5. Specific activities (atom per cent N!* excess) are plotted against duration 
of exposure to N»!5 for “amide N,’’ O; glutamic acid, ©; aspartic acid, @. 

Fic. 6. Percentage of N'* in each fraction relative to the total N* in entire cell 
hydrolysate from A. vinelandii cultures exposed 1, 2, or 5 minutes to N25. Percent- 
ages of total N'5 for “amide N,’’ O; and all other nitrogenous compounds, @, are 
given. 


The hydrolysate fractions most rapidly labeled were “amide N,” glutamic 
acid, and aspartic acid (Fig. 5). Ammonia and glutamic acid contained 
significant N!* after 1 minute exposure, whereas none could be detected in 
aspartic acid. With the 1 minute cell hydrolysate, only compounds eluted 
before proline on the Dowex 50 column (Fig. 2) were analyzed for N'*; no 
detectable N'® excess was carried by the serine plus threonine fraction, the 
glycine, or the alanine. The shapes of the ammonia and dicarboxylic acid 
curves suggest a typical precursor-product relationship. Changes with 
time in percentage total hydrolysate N'® found in ‘“‘amide N”’ and the re- 
maining constituents are presented in Fig. 6. This indicates clearly that 
hydrolysate ‘amide N”’ is the primary source of nitrogen for the cellular 
protein. 
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It is pertinent, therefore, to inqure into the sources of this fraction we 
have designated as “‘amide N,”’ a fraction which was recovered as NH; af- 
ter acid hydrolysis of the azotobacter cells. Undoubtedly the greatest 
portion arose from true amide groups; other contributory compounds were 
probably traces of free ammonia of the cells and compounds such as tryp- 
tophan, and other amino acids and purines which release part of their N 
as ammonia during acid hydrolysis. The purines probably were important 
sources of ‘“‘amide N,” for (a) they had a high N' concentration (Fig. 8) 
and (b) it is claimed (19) that hydrolysis for 6 hours with strong acid 
destroys adenine and guanine. Ammonia is produced from positions 1, 3, 
and 7 and the 2- and 6-amino groups (20), and glycine from position 9 (21). 
However, in the present work both compounds were recovered from 18 
hour hydrolysates in quantity equivalent to approximately 2.0 per cent of 
the total nitrogen (22). After 2 minutes exposure to N,’5, the adenine 
had 0.022 atom per cent N!* excess. Assuming that only the 6- or 2-amino 
nitrogen (23) was heavily labeled, calculations from the data of Fig. 8 sug- 
gest that only about 1 per cent of the N!® of the ‘amide N”’ fraction arose 
from adenine and guanine. 

Protein-bound amide N may play an important role in the sequence of 
reactions involving the assimilation of combined nitrogen into protein (24), 
the amide groups probably acting zn sztu on the protein as pools to supply 
amino N. A dynamic state could exist in the protein, with glutamine and 
aspdragine side chains continually being transformed into glutamic acid 
and aspartic acid residues. 

The neutral amino acids were labeled more slowly than ‘amide N,”’ 
glutamic acid, or aspartic acid (Fig. 7). The relatively high rate of label- 
ing of the leucines was unexpected and probably reflects high transaminase 
activity for these two amino acids. Serine and threonine were not sep- 
arated, but it has been shown for several organisms that serine is derived 
from glycine (25), which had low specific activity. 

The curves for the appearance of N!* in the basic amino acids are shown 
in Fig.8. Histidine was the most rapidly labeled but was closely paralleled 
between 2 and 5 minutes by lysine. Arginine, with four N atoms, was 
labeled more slowly than lysine after the 2 minute point. Studies with 
other organisms indicate the probability of non-uniformity of N’® labeling 
in the basic amino acids. 

Nearly half of the N'® carried by the total culture was present in the 
normal medium. The extractive effect of HCl used for killing increased 
the amount of nitrogen in the supernatant media by a factor of 3, at 
the same time decreasing the N® concentration in free ammonia by a factor 
of 2 and increasing that in other soluble compounds by a factor of 7 (Ta- 
bles I and II). It appeared, therefore, that the method of killing mixed 
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the pool of N in the medium with the pool of N within the cells. Under 
these circumstances, there is some confusion in determining the hierarchy 
of intermediates from graphs of specific activity versus time (18). The 
curves for the appearance of N' in the constituents of the supernatant 
solutions are shown in Fig. 9. 

Analysis of the medium obtained from the experiment which yielded the 
data of Table II demonstrated that, after 5 minutes exposure of the culture 
to N2!5, the free ammonia carried 0.437 atom per cent N!* excess, whereas 
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Fic. 7. Change of N'* concentration with time in neutral amino acids isolated 
from hydrolysates of A. vinelandii cells. Atom per cent N'!® excess given for iso- 
leucine, O; leucine, A; serine plus threonine, @; phenylalanine, @; tyrosine, V; 
proline, 0; glycine and alanine, X; methionine, A. 

Fic. 8. Change of N* concentration with time in basic compounds isolated from 
hydrolysates of A. vinelandii cells. Atom per cent N!5 excess given for histidine, 
O; lysine, @; arginine, ©; adenine, A; guanine, V; cytosine, 0. 


the glutamic acid contained 2.66 atom per cent N!® excess. This experi- 
ment, which was designed to attain a close approach to steady state fixa- 
tion, demonstrated that newly fixed nitrogen passed rapidly into the me- 
dium. Some assimilation of combined nitrogen into the cells must have 
occurred during cooling, but this was insufficient to deplete the medium 
pool completely. The concentration of N'® higher in glutamic acid than 
in ammonia was confirmed by the analyses from the 5 minute treatment 
(Fig. 9), for again glutamic acid had a higher atom per cent N?* concentra- 
tion than ammonia, despite dilution by acid-extracted materials. These 
results appear incompatible with the sequence of No fixation, N2— am- 
monia — glutamic acid, if the data are accepted as a valid measure of the 
atom per cent N!® excess in the metabolic pool at the intracellular site of 
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N; fixation. However, such extensive ancillary evidence suggests the va- 
lidity of the sequence, that the possibility must be entertained that the 
experiment was complicated by randomization of compounds between in- 
tracellular and extracellular pools when the organisms were inactivated 
and harvested. 

An analysis of the kinetics of fixation is presented in Fig. 10, in which 
the percentages of the total supernatant N! in free ammonia and in glu- 
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Fic. 9. Change of N!* concentration with time in fractions isolated from the 
supernatant solutions from cultures of A. vinelandii exposed to N2!5. Specific activ- 
ities (atom per cent N?!> excess) versus time are plotted for free glutamic acid, @; 
peptide glutamic acid, A; free ammonia, O; glutamine amino N, V; glutamine amide 
N, O; free and peptidic neutral amino acids,@. 

Fic. 10. Percentage of N!5 in each fraction relative to the total N'5 in entire 
supernatant solutions from cultures of A. vinelandii exposed 1, 2, or 5 minutes to 
N25. Percentages of total N'5 for free ammonia, O; and free glutamic acid, @, are 
given. 


tamic acid are plotted against time The nitrogen from these supernatant 
solutions was recovered incompletely because of the small amounts of N 
present and the losses attending the handling of bulky solutions containing 
high concentrations of salts. Figs. 6 and 10 present direct, unequivocal 
evidence in favor of the primary role of ammonia in nitrogen fixation. 
This conclusion, taken in conjunction with the evidence from Table I, 
suggests that the fixation of molecular nitrogen by A. vinelandii may take 
place at active sites very close to, if not on, the cell surface, and metabol- 
ically isolated from enzymatic sites concerned with protein synthesis. The 
excretion of the most highly labeled intermediates into the medium (e.g. 
the glutamic acid in the experiment described in Table II) can be accounted 
for most reasonably in this way, for, from a surface site of formation, the 
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glutamic acid could diffuse into an extracellular pool or into an intracellular 
pool for synthesis of other amino acids and proteins. 

The specific activity curve (Fig. 9) for peptide glutamic acid, as distinct 
from free glutamic acid, is difficult to assess without more detailed analysis 
of the peptide fraction. Approximately 25 per cent of the N in the super- 
natant solution was present as peptide N, and paper chromatography re- 
vealed two peptides composed mostly of glutamic acid residues. The al- 
most identical specific activities of free. glutamic acid and peptide glutamic 
acid demonstrate their close metabolic relationship. Fogg (26) found 
little evidence to support the hypothesis that peptide N excreted by Ana- 
baena cylindrica is concerned with N, fixation, but his experimental meth- 
ods could not have detected the occurrence and turnover of newly fixed 
nitrogen in the peptides. Further work is in progress to evaluate the sig- 
nificance of the peptides found in the present study. 

In view of the importance postulated earlier in this paper for protein- 
bound amide groups in the later assimilatory phase, it was surprising to 
note the higher N!® concentration of glutamine amino N over glutamine 
amide N in the supernatant media. Zelitch et al. (6) indicated that the re- 
verse might be true, although no analyses for glutamine amino N were 
reported. Fig. 9 indicates rapid divergence in specific activity between 
glutamine amino and amide N with time, the more active amino group 
reaching 1.05 atom per cent N!® excess in 5 minutes exposure, while the 
amide group appeared to remain relatively constant between 2 and 5 min- 
utes with less than half the label. The free neutral amino acids and those 
combined in peptides were labeled very slowly (Fig. 9). 

The work recorded in this paper revealed no oxidized products of fixation, 


and it seems highly likely that N:2 fixation by the azotobacteris a completely | 
reductive process, notwithstanding the intensely aerobic nature of the © 


organism. Reduction to ammonia may take place on the same enzyme 
surface without the liberation of any intermediate before the ammonia 
stage of reduction. This stepwise reduction at one site could occur by (a) 
the binding (chelation?) of molecular nitrogen across two identical sites 
and (b) the addition of Hz or 2H in successive, perhaps identical, steps. 
Suggestive evidence for the mediation of hydrogenase in the reductive proc- 
ess is available from several studies (27-29), which indicate a close paral- 
lelism between hydrogenase activity and N: fixation in the azotobacter. 
Wilson and Burris (5) and lately Winfield? have postulated specific roles 
for hydrogenase in this stepwise reduction of Nz to NH;; the former authors 
proposed a free radical mechanism, whereas Winfield prefers to regard the 
process as mediated by closely oriented pairs of hydrogenase sites which 
transfer H atoms via adjacent flavin groups to the chelated nitrogen. If 


? Winfield, M. A., unpublished report (1954). 
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the enzymatic sites concerned with fixation are spatially isolated from those 
concerned in assimilation, the energetic coupling of this hydrogenase is 
critical. In studies with non-fixing mutants of A. vinelandii, Green and 
Wilson (29) found that the mutants retained approximately 50 per cent of 
the hydrogenase activity of the active Ne fixers. Shug et al. (30) have 
reported the hydrogenase of C. pasteurtianum to be a molybdoflavoprotein, 
closely resembling milk xanthine oxidase and liver aldehyde oxidase in its 
cofactor requirements for coupling to cytochrome c. Magee (31) has iso- 
lated a similar aldehyde oxidase from A. vinelandii. The strict spatial 
requirements necessary to couple hydrogenase activity with the reduction 
of chelated nitrogen on the one hand, and with the hydrogen transport 
system on the other, may well account for the rarity of the phenomenon of 
N; fixation in nature and the relative sensitivity of the system to biochem- 
ical manipulation. 


SUMMARY 


The application of N2'5 to a kinetic study of Ne fixation for 1 to 5 min- 
utes by Azotobacter vinelandii has shown that, among the products isolated 
from the cells and the medium, “amide N” or ammonia initially rise most 
rapidly in N!® concentration. When the percentage of the total N!® found 
in each fraction is plotted against time, the ‘‘amide N”’ of the cells and the 
ammonia N of the medium exhibit negative slopes characteristic of primary 
products of fixation. Thus, ammonia and the products with which it equili- 
brates rapidly were the first demonstrable products of N» fixation. 

Glutamic acid accumulated N' rapidly, as did glutamy] peptides. Read- 
ily detectable levels of N!5 were assimilated from N,!* in 1 minute by a 
number of compounds in the cells and medium. 

The rapid excretion of fixed N'* into the medium suggested that fixation 
of N2 may occur at or near the surface of the cells. No oxidized nitrogenous 
compounds were isolated, and it is postulated that N» fixation by the azoto- 
bacter is entirely a reductive process. 
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STEROL METABOLISM IN THE AMERICAN COCKROACH* 
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Insects, unlike the higher animals, require a dietary source of sterols (1). 
Insect species vary in their ability to utilize different sterols. For most 
species, cholesterol and its short chain esters, 7-dehydrocholesterol, ergos- 
terol, sitosterol, and certain other phytosterols are satisfactory (2). Cer- 
tain non-utilizable sterols are antagonistic to the utilization of cholesterol 
by roaches (3) and fly larvae (4). A number of different steroids from in- 
sect tissues have been demonstrated but not identified (5). Ishii reported 
that larvae of Callosobruchus sp. can utilize tetrahydrostigmasterol in their 
diet without dehydrogenation in vivo at the Cs; and Cz positions, and can 
utilize epicholesterol without isomerizing the C;-hydroxyl group in the 
larval body (6). Cholesterol esterification in vitro has been demonstrated 
with a crude preparation of Galleria intestine (7). 

This investigation concerns the distribution and nature of the sterols, 
their esters, and the enzymes which mediate sterol esterification in the male 
American cockroach. 


Methods 


Insects—Cultures of American cockroaches (Periplaneta americana L.) 
were maintained on dog biscuits (Garver’s Supply Company, Inc., Madison, 
Wisconsin). ‘This diet contained 600 p.p.m. of cholesterol and 200 p.p.m. 


_ of 7-dehydrocholesterol if these sterols are considered to be the only sterols 
responding to the Schoenheimer-Sperry reagent. Adult male roaches from 


1 to 12 weeks old were held 24 hours without food prior to use. Dissec- 
tions were made with the roaches submerged in chilled isotonic 0.15 m 
KCl. The moist tissues were chilled until sufficient amounts were accumu- 
lated for study. 

Sterol Determination—For distribution studies, the tissues from fourteen 
roaches were dissected, and from 60 to 800 mg. of the tissues were homog- 
enized in 1.0 ml. of chilled isotonic KCl with a Potter-Elvehjem glass ho- 


* Approved for publication by the Director of the Wisconsin Agricultural Experi- 
ment Station. Supported in part by research grants from the United States Atomic 
Energy Commission and the National Institutes of Health. We are indebted to Dr. 
J. L. Noland, Veterans Administration Center, Woods, Wisconsin, to Dr. C. A. Bau- 
mann and Dr. Charles Heidelberger of the University of Wisconsin for certain sterols 
and for counsel, and to Sally Jo Arnold for skilled technical assistance, 
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mogenizer. Each homogenate was then extracted four times with 1.0 ml, 
portions of 1:1 acetone and absolute alcohol. This extract was filtered 


TABLE I 


Distribution of Sterols and Sterol Esters among Organ Systems 
of Adult Male American Cockroach 


Sterols expressed as cholesterol Per cent fast Distribution of 
Organ Fresh when calculated 
tisgue in| Total sterol per | cctesifea | | 
aliquot | ™S- fresh tissue sterol cholesterolt 
mg. per mg. 
Ventral nerve cord 50 | 0.70 + 0.16§| 40 + 13 l1l+1 0.20 + 0.10 
Blood 35 | 0.55 + 0.28| 482 9 
Muscle 255 | 0.16 + 0.12 | 39 + 14 13 + 6 0.10 + 0.05 
Fat body 65 | 0.24 + 0.17 | 16 + 13 20 + 4 0.38 + 0.07 
Reproductive organs 85 |0.2002+0.14/;19+ 9 9+ 3 0.04 + 0.00 
Alimentary canal and 
appendages 
Oesophagus 50 | 0.25 + 0.13 | 252 3 l1l+1 0.64 + 0.08 
Salivary glands 30 | 0.50 + 0.31 | 48 + 16 6+ 2 0.09 + 0.02 
Crop 35 | 0.30 + 0.12 | 27 + 12 16 + 5 0.11 + 0.07 
Gastric caeca 25 | 0.48 + 0.24| 274 6 51 + 6 0.56 + 0.39 
Mid-intestine 20 |0.98 + 0.46}142+ 3 53 + 5 0.34 + 0.15 
Malpighiantubules| 10 | 1.06 + 0.38 | 35 + 16 21+ 1 0.35 + 0.03 
Hind intestine 60 | 0.42 + 0.10/12+ 8 21 + 6 0.22 + 0.17 
Head 85 | 0.45 + 0.15 |20+ 9 10 + 2 0.06 + 0.02 
Tracheae 20 | 0.31 + 0.11 | 21 + 10 18 + 8 0.22 + 0.20 
Cuticle (abdominal | 120 | 0.15 + 0.06 | 21 + 13 14+ 8 0.28 + 0.15 
tergite) 
Pronotum 75 | 0.21 + 0.10 | 18 + 11 23 + 3 0.09 + 0.01 
Residue 300 | 0.17 + 0.13 | 28 + 16 9+ 5 


* Colorimetric determination with Schoenheimer-Sperry reagent at 33 minutes, 
referred to a cholesterol standard curve. 

Tt 100 to 500 mg. of tissue were extracted and hydrolyzed and total sterols were 
precipitated as digitonide as described in ‘‘Methods.’’ Color development method, 
calculation of cholesterol and 7-dehydrocholesterol mixtures, and interpretations 
were according to Moore and Baumann (9). 

t 150 y of cholesterol-4-C" per gm. of roach dissolved in a minimal volume of ace- 
tone and injected through the conjunctiva at the juncture of the metathoracic femur 
and tibia. Roaches were dissected after 16 hours and the sterols recovered from 
the tissues by acetone-alcohol extraction and the total C™ in the extract counted. 

§ Standard error of the mean. 

|| Time-absorbance curves proved to be variable with digitonide from blood 
sterols. 


through Whatman No. 50 filter paper, and the tubes and filter paper were 
rinsed with an additional ml. of acetone-alcohol. Equal aliquots were then 
removed, and the free sterols, or total sterols after alkaline hydrolysis, were 
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precipitated with digitonin (8). A modified Schoenheimer-Sperry rea- 
gent was used for color development and the absorbance was deter- 
mined after 13 and 33 minutes with a Beckman DU spectrophotometer at 
620 mu (9). The nature of the “fast acting” sterols from the roach was 
not determined, but calculations were made from a mixture of cholesterol 
and 7-dehydrocholesterol. Curves relating absorbance to time of color 
development for the digitonides from the various tissues generally agreed 
with the calculation for this mixture. 

Cholesterol Esterase Assay—A system for microassay of cholesterol ester- 


TaBLeE II 
Activity in Vitro of Various Roach Tissues in Esterifying Cholesterol 


0.60 umole of cholesterol, 4.8 wmoles of oleic acid, 0.63 umole of Na taurocholate, 
0.015 y of merthiolate, and 1500 7 of egg albumin in 0.5 ml. of 0.065 m phosphate 
buffer, pH 6.2. 30 mg. of fresh tissue were macerated into substrate by utilizing 
coarse ground surfaces on a glass stirring rod and the bottom of a 12 X 25 mm. vial 
forabrasion. Free and total sterols were determined after 24 hours at 37°, and cor- 
rections were made for endogenous sterols in the insect tissue. The results were 
obtained by triplicate colorimetric analyses. 


Organ Per cent esterification 
a 23.5 + 5.7 


* Standard error of the mean. 


ase was modified from that of Treadwell. The esterification system was 
prepared by dissolving 20 ywmoles of sterol and 160 umoles of oleic acid in 
0.5 ml. of ether in a homogenizing tube and then adding 21 umoles of so- 
dium taurocholate, 0.5 ml. of an aqueous merthiolate solution (1:1000), 
and 50 mg. of egg albumin. These constituents were homogenized in 0.15 
M phosphate buffer, pH 6.2, made up to 10 ml., and shaken in a water bath 
at 37° for 30 minutes before use, inorder toremovetheether. Tissues were 
homogenized in a chilled buffer of pH 6.2. 0.3 ml. of substrate emulsion 
and 0.2 ml. of tissue homogenate were mixed in 12 X 25 mm. vials, and the 
vials were corked and incubated 2} hours in a shaker at 37°. In order to 
study the hydrolysis of sterol esters, the system was modified by using 


' Treadwell, C. R., personal communication. 
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20 umoles of the sterol acetate and a buffer of pH 6.6 with all other con- 
stituents and reaction conditions unaltered. The extractions and analyt- 
ical method for free and total sterols have been described (8,9). All caleu- 
lations were made on the 33 minute absorbance readings. Adequate con- 
trols were analyzed which contained tissue and no substrate, substrate and 


TaBLE III 
Substrate Specificity for Sterol Esterifying System from Cockroach Intestine 


0.60 umole of sterol or sterol ester, 4.8 zmoles of oleic acid, 0.63 umole of Na tauro- 
cholate, 0.015 7 of merthiolate, 1500 7 of egg albumin, 30 mg. of homogenized gastric 
caeca, mid-intestine and malpighian tubules in final total volume of 0.5 ml. of 0.065 
mM phosphate buffer. For hydrolysis, the sterol acetate and a buffer at pH 6.6 were 
used, and for esterification the free sterol and a buffer at pH 6.2 were utilized. Free 
and total sterols determined after 2} hours of incubation at 37° by reading with 
Schoenheimer-Sperry reagent after 33 minutes with corrections for the endogenous 
sterols in the insect tissue. Tabular data from three replicates. 


Sterol* Per cent esterified Per cent hydrolyzed 
A5-Cholestenol 26.9 + 3.9T 9.1 + 4.9 
A7-Cholestenol 15.8 + 4.4 8.5 + 2.1 
7-Dehydrocholesterol 14.9 + 2.2 5.0 + 2.3 
Coprostanol Ot 
8-Sitosterol 0 
Stigmasterol 0 
Ergosterol 0 


* A’-Cholestenol (cholesterol U. S. P., Nutritional Biochemicals Corporation), 
acetate, m.p. 113°: A’-cholestenol and acetate (Dr. C. A. Baumann) displayed no 
ultraviolet absorption, and m.p. 121-122° for sterol and 118° for acetate: 7-dehydro- 
cholesterol and acetate (Dr. C. A. Baumann), sterol 99.7 per cent pure and 142-143° 
m.p., acetate m.p. 126-128°: coprostanol (Dr. C. A. Baumann), chromatographically 
pure, m.p. 101°: 8-sitosterol from wheat (Dr. C. A. Baumann), chromatographically 
pure, m.p. 140°: stigmasterol and acetate (Dr. C. A. Baumann), sterol m.p. 169-170°, 
acetate m.p. 141°: ergosterol (Nutritional Biochemicals Corporation), acetate m.p., 
131-132°. 

t Standard error of the mean. 

t 0 indicates less than 2 per cent. 


no tissue, and both tissue and substrate with no incubation time allowed 
for reaction before extraction. All the values reported are corrected for 
these controls. The relative cholesterol esterase activity of the various 
tissues was also studied by using cholesterol-C™“ as the substrate and by 
determining the amount of C™ precipitated by digitonin before and after 
the reaction of the sterol with the fortified tissue homogenates. This tech- 
nique confirmed the order of activity of the various tissues shown in Table 
II. 
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RESULTS AND DISCUSSION 


Sterols are quite generally distributed among the organ systems of the 
male American cockroach. The proportion of fast acting sterols varied to 


TABLE IV 


Incorporation by Mouse and Cockroach of Acetate-1-C'4 into 
Materials Precipitated by Digitonin 


Acetate-1-C!* was injected into mice and adult male American cockroaches. The 
animals were killed after 24 hours, the digestive tracts removed and discarded, 
and the remainder macerated, hydrolyzed, and extracted, and the digitonides pre- 
cipitated. One mouse weighing about 40 gm. and thirteen roaches of about 12 gm. 
were used for each determination. Each mouse was injected with 220 7 or 60,000 
c.p.m. of acetate, and each group of roaches was injected with 286 y or 78,000 c.p.m. 
of acetate. The animals were minced in a Waring blendor in 95 per cent alcohol, 
the resulting mince was refluxed 6 hours with 20 per cent alcoholic KOH, and the 
digest was evaporated to dryness. The dry salts were extracted with ethyl ether 
and the ether solution washed with 5 per cent Na2CO;. The ‘‘unsaponifiable frac- 
tion’”’ in the ether layer was evaporated to dryness, dissolved in 3 ml. of 1:1 acetone- 
absolute alcohol, and 7 ml. of 0.5 per cent digitonin in 80 per cent alcohol were added. 
After 24 hours the digitonide was centrifuged and washed twice with 5 ml. of 1:2 
acetone-ether and once with 5 ml. of absolute ether. The combined washes are re- 
ported as ‘‘supernatant fluid’’ and the total washed precipitate as ‘‘digitonide.”’ 
The figures represent the per cent of the injected C'4 appearing in each fraction. 


Unsaponifiable fraction 
Acetate-1-C™ recovery 
Supernatant Digitonide 
Cockroaches 
Group 1 0.98 0.081 
1.67 0.091 
2.84 0.075 
Mouse 1 0.12 0.058 
0.38 0.068 
Cockroaches 26.6 41.0 
Mouse 17.5 23.2 


* Recovery analyses, when 10,600 c.p.m. of cholesterol were added to a Waring 
blendor and carried through the identical procedure indicated above. Cholesterol- 
4-C', with a specific activity of 1 we. per mg., obtained from the Raychem Labora- 
tories, Chicago, Illinois. 

t All the figures indicated are significantly above background, and further wash- 
ing of the digitonide did not change the counts. 


a great extent among different tissues. Sterols from the nerve appeared to 
be predominantly cholesterol or sterols responding similarly to the Schoen- 
heimer-Sperry reagent. Esterified sterols were dominant in the nerve cord, 
muscle, blood, salivary glands, and malpighian tubules (Table I). Enzymes 
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active in cholesterol esterification were most highly concentrated in the 
region of the mid-intestine and its appendages (Table II). The ‘‘choles- 
terol esterase”? systems were most active in both esterification and hydrol- 
ysis of the sterols of the animal, with no apparent activity towards the 
phytosterols (Table III). Acetate-1-C™“ was incorporated into materials 
precipitated by digitonin to almost the same extent in mice and roaches, 
However, the proportion of unsaponifiable materials not precipitated by 
digitonin was higher in the roaches than in the mice (Table IV). The 
C-labeled materials synthesized by the roach have not been further char- 
acterized because of the small total recovery. 

Noland (10) has suggested the possibility that the sterol ester is hydro- 
lyzed in the roach intestine and then again esterified before absorption. 
However, no direct correlation is evident between the data on substrate 
specificity reported here for the American cockroach intestinal ‘‘cholesterol 
esterase” and the results of utilization for these same sterols and their esters 
by the German cockroach. The absolute dietary requirement and broad 
specificity of sterols for insects, the limited substrate specificity of the 
roach “cholesterol esterases,’’ and the incorporation in vivo of the C™ from 
acetate into the sterol molecule by the roach suggest the hypothesis that 
insects may be able to cleave the sterol side chain and resynthesize the 
isooctyl] side chain of cholesterol. Mammalian enzymes capable of cleaving 
the cholesterol side chain are known (11). 


SUMMARY 


Certain aspects of insect sterol metabolism have been investigated with 
the male American cockroach, Periplaneta americana L. The normal 
distribution of free and esterified sterols among the organ systems was 
determined and compared with the distribution of cholesterol-4-C™ 16 
hours after injection. The rate of color formation with the Schoenheimer- 
Sperry reagent from the sterols in the various organs was found to differ 
greatly. Injection of acetate-1-C™“ into cockroaches and mice resulted 


in almost the same percentage recovery of labeled digitonides. Cockroach | 


‘cholesterol esterase’ was investigated in relation to distribution among 
the organs and substrate specificity. 
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ON THE ACTION OF PYROPHOSPHATE ON 3-PHOSPHO- 
GLYCERALDEHYDE DEHYDROGENASE* 


By GALE W. RAFTERf ano SIDNEY P. COLOWICK 


(From the McCollum-Pratt Institute, The Johns Hopkins University, 
Baltimore, Maryland) 


(Received for publication, June 20, 1956) 


When pyrophosphate has been found to influence an enzymatic reaction, 
its action is usually indirect, that is as a chelator of free essential metal 
ions rather than directly on the protein catalyst. However, it appears 
that the latter situation holds for the action of pyrophosphate in the modi- 
fication of reduced diphosphopyridine nucleotide! to the product obtained by 
the action of 3-phosphoglyceraldehyde dehydrogenase on DPNH (DPNH- 
X) catalyzed by 3-phosphoglyceraldehyde dehydrogenase (1). The inhibi- 
tion of succinic dehydrogenase by pyrophosphate (2) appears to be another 
example of the ion acting on the protein catalyst. The present paper re- 
ports on several additional effects of pyrophosphate on various reactions 
involving 3-phosphoglyceraldehyde dehydrogenase. Certain of the re- 
sults suggest that pyrophosphate has an affinity for the phosphatase site 
of the protein (3). 


Materials and Methods 


DPNH was prepared by enzymatic reduction of DPN with crystalline 
yeast alcohol dehydrogenase (4). The latter protein was purchased from 
the Worthington Biochemical Corporation, and 3-phosphoglyceraldehyde 
dehydrogenase was isolated from rabbit skeletal muscle (5) in the presence 
of Versene (6). The muscle protein was recrystallized several times before 
using. Protein concentration was estimated by measuring the absorption 
of the protein at 280 my (7). 1,3-Diphosphoglycerate was prepared en- 
zymatically from 3-phosphoglyceraldehyde (8) with the modification of 
Oesper (9). The 3-phosphoglyceraldehyde, prepared enzymatically from 
hexose diphosphate, was kindly supplied by Dr. Peter Oesper. 

Acetyl phosphate was determined by the hydroxamic acid method (10), 


* Contribution No. 156 of the McCollum-Pratt Institute. Aided by grants from 
the American Cancer Society, recommended by the Committee on Growth of the 
National Research Council and the Rockefeller Foundation. 

t Present address, Department of Biochemistry, School of Hygiene and Public 
Health, The Johns Hopkins University, Baltimore, Maryland. — 

' The following abbreviations will be used: DPN = diphosphopyridine nucleotide, 
DPNH = reduced diphosphopyridine nucleotide, and DPNH-X = product obtained 
by the action of 3-phosphoglyceraldehyde dehydrogenase on DPNH. 
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DPN by the alcohol dehydrogenase method (11), and acetaldehyde was 
estimated with the same enzyme and DPNH at pH 7.0. Concentration 
of DPNH was estimated by using the value of 6.22 K 10° cm.? per mole 
for the extinction coefficient of DPNH at 340 my (12). The model DU 
Beckman quartz spectrophotometer or the model B Beckman spectro- 
photometer was used for optical measurements. 


Results 


Pyrophosphate Inhibition of Phosphatase Activity—3-Phosphoglyceralde- 
hyde dehydrogenase is known to promote a DPN-dependent hydrolysis of 
acetyl phosphate (13). While “reduced protein’? shows some phospha- 
tase activity, “‘oxidized protein” is much more active (13). For experi- 
ments to be described later, it was desirable to avoid the phosphatase ac- 


TABLE I 


Effect of Pyrophosphate on Arsenolysis and Phosphatase 
Activity of 3-Phosphoglyceraldehyde Dehydrogenase 
Reaction mixtures contained 1.1 mg. of muscle protein and 8.5 wmoles of acetyl 
phosphate in 1.0 ml. of 0.1 mM succinate buffer, pH 6.20. Arsenolysis activity is the 
difference between acetyl phosphate disappearing in the presence and absence of 
sodium arsenate (17 wmoles). The figures given in Table I represent acetyl phos- 
phate disappearing per mg. of protein during the incubation period of 1 hour at 25°. 


Additions Phosphatase activity Arsenolysis activity 
pmoles pmoles 


tivity of the protein, and, with this in mind, the activity was further 
examined. The protein used in the experiments was in the reduced form, 
i.e. protein isolated in the presence of Versene. ‘The maximal phosphatase 
activity is found at about pH 5.9 in 0.1 m succinate buffer. On addition 
of pyrophosphate, an inhibition of the activity is obtained (Table I). 
Added orthophosphate of the same concentration as pyrophosphate gives 
some inhibition, about one-seventh that of pyrophosphate. As may be 
seen from Table I, the addition of pyrophosphate does not affect the ar- 
senolysis activity of the protein. It has been previously demonstrated by 
Krimsky and Racker (3) that the two activities, phosphatase and arsenoly- 
sis, may be separated by pretreatment of the protein with a variety of 


2 “Oxidized enzyme”’ is defined as enzyme prepared in the absence of a chelating 
agent and requiring cysteine for full activity, and ‘‘reduced enzyme’? is defined as 
enzyme prepared in the presence of a chelating agent and not requiring cysteine for 
full activity (3). 
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reagents. The latter authors found that iodoacetate-treated dehydro- 
genase still shows phosphatase but not arsenolysis activity, suggesting 
that free sulfhydryl groups are not required for the former activity. They 
also report that certain reagents such as glutathione (—SH) or hydroxyl- 
amine inhibit hydrolysis of acetyl phosphate by the untreated protein 
without affecting arsenolysis of the same compound. 

Evidence that a sulfhydryl group is not required for the interaction of 
pyrophosphate and the protein is obtained in experiments by using de- 
hydrogenase pretreated with the sulfhydryl reagent, o-iodosobenzoate. 
The latter protein shows a high phosphatase activity compared to un- 
treated protein (14). The phosphatase activity of such protein is still 


TaBLeE II 


Effect of Pyrophosphate on Phosphatase Activity 
of Protein Pretreated with o-Iodosobenzoate 


The pH 7.0 experiment contained 0.6 mg. of muscle protein and 10 umoles of acetyl 
phosphate in 1.0 ml. of 0.1 m tris(hydroxymethyl)aminomethane buffer. The ex- 
periment at pH 6.0 contained 0.3 mg. of muscle protein and 5 uwmoles of acetyl phos- 
phate in 1.0 ml. of 0.1 m succinate buffer. The protein used for both experiments 
had previously been pretreated 1.5 minutes at pH 7.0 with o-iodosobenzoate (molar 
ratio of o-iodosobenzoate to protein was about 40:1). The figures in Table II repre- 
sent acetyl phosphate disappearing per mg. of protein during the incubation period 
of 1 hour at 25° per mg. 


Additions pH 7.0 pH 6.0 

pmoles pmoles 


inhibited by pyrophosphate (Table II), and the pyrophosphate inhibition 
is most evident at the lower pH value. 

It was of considerable interest to know whether pyrophosphate acted 
as a competitive inhibitor for the phosphatase reaction. To investigate 
this question, the phosphatase reaction was carried out at varying sub- 
strate concentrations in the presence and absence of pyrophosphate. The 
results of this experiment (Fig. 1), plotted according to Lineweaver and 
Burk (15), suggest that the inhibition is competitive. 

Effect of Pyrophosphate on Acetyl Phosphate Reduction at Neutral pH 
Values—The modification of DPNH, catalyzed by 3-phosphoglyceralde- 
hyde dehydrogenase in the presence of pyrophosphate ion to give DPNH-X, 
has previously been described (1). This reaction occurs optimally at 
pH 5 but very slowly at neutral pH values (Table III, Reaction 2). Hart- 
ing and Velick (16) have described the reduction of acetyl phosphate by 
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DPNH, catalyzed by the muscle dehydrogenase, to give the products 
acetaldehyde and DPN (Table III, Reaction 3). However, when pyro- 


A 
2.0F 
> 
6 
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B 
| 
02 0.4 06 
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Fic. 1. Pyrophosphate inhibition of phosphatase activity with varying substrate 
concentration. All reaction mixtures contained 0.4 mg. of muscle 3-phosphoglyceral- 
dehyde dehydrogenase in 1.0 ml. of 0.1 m succinate buffer, pH 6.0. Rates plotted as 
Curve A were obtained with reaction mixtures which contained in addition 27 umoles 
of pyrophosphate. The protein had been pretreated with o-iodosobenzoate, as de- 
scribed in Table II. Substrate concentration is expressed as micromoles of acetyl 
phosphate per ml. Velocity of the reaction is expressed as micromoles of acetyl 
phosphate disappearing in 1 hour at 25° per ml. of reaction mixture. 


TABLE III 


Effect of Pyrophosphate on 3-Phosphoglyceraldehyde 
Dehydrogenase-Catalyzed Reduction of 
Acetyl Phosphate 
All the reaction mixtures contained 2.0 mg. of muscle protein and 0.30 umole of 
DPNH in 0.05 m glycylglycine buffer, pH 7.20. The final volume was 3.0 ml. The 
reaction mixtures were incubated at 25° for 30 minutes. 


Additions | | PPN | 
pmole pmole 
1 None 0.0 0.0 
2 70 umoles P20, 0.047 0.083 
3 145  acetyl-P 0.263 0.007 0.12 0.12 
4 ee ne + 70 uwmoles | 0.319 0.456 0.028 0.025 


phosphate is added to such a neutral reaction mixture, the major products 
are DPNH-X and presumably unchanged acetyl phosphate (Table III, 
Reaction 4). Pyrophosphate is about 5 times more effective for this 
reaction than orthophosphate of the same concentration. It should be 
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noted that the amount of DPNH metabolized is unchanged (Table III, 
sum of Reactions 2 and 3) but that it is the path of DPNH metabolism 
which is altered. The identity of the DPNH-X was indicated by the 
high 290 my absorption of the material (Table III). 

The production of DPNH-X under the conditions just described is pH- 
dependent; between pH 7.8 and 7.2, the amount of DPNH metabolized is 
essentially unchanged, although the per cent accounted for as DPNH-X 
varies from about 15 at pH 7.8 to 80 at pH 7.2. At pH values below 7.0 


0.200 


0.100F 


+ DEo90/MIN 


4.0 5.0 6.0 
pH 
Fic. 2. Effect of acetyl phosphate on DPNH-X formation catalyzed by 3-phospho- 
glyceraldehyde dehydrogenase. Both reaction mixtures contained a final volume of 
3.0 ml., 0.1 Mm acetate buffer, 72 uzmoles of pyrophosphate, 0.30 umole of DPNH, and 
0.8 mg. of muscle 3-phosphoglyceraldehyde dehydrogenase. The reaction mixture 
labeled ‘‘acetyl-P’’ contained, in addition, 13 wmoles of acetyl phosphate. The 
dashed line represents the difference between the two rates. The rate at pH 4.4 has 


been corrected for the non-enzymatic breakdown of DPNH. Both reactions were 
started by adding DPNH. 


DPNH-X formation becomes appreciable without added acetyl phos- 
phate (1); however, acetyl phosphate still promotes DPNH-X forma- 
tion in this region. In fact, the maximal effect of acetyl phosphate on 
DPNH-X formation is found at about pH 5.5 (Fig. 2). 

The fate of acetyl phosphate in the reaction was examined at pH 4.9 
when the interference by phosphatase activity of the protein is minimized. 
No acetyl phosphate disappeared during the reaction as measured by the 
hydroxamic acid action. Thus, it appears that acetyl phosphate exerts 
its effect in a catalytic manner rather than as a substrate. Nevertheless, 
substrate amounts of acetyl phosphate must be used to obtain the in- 
creased DPNH-X formation. Substitution of 1,3-diphosphoglycerate for 
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acetyl phosphate failed to give rise to DPNH-X, but rather the DPNH 
was oxidized to DPN. The latter experiment was carried out at a number 
of pH values from 7.8 to 5.2. 


DISCUSSION 


The kinetic evidence for the pyrophosphate inhibition of the acety] phos- 
phatase activity of 3-phosphoglyceraldehyde dehydrogenase suggests an 
affinity of pyrophosphate for the phosphatase site. The nature of the 
phosphatase site is unknown. However, its non-sulfhydryl] nature has 
been indicated by Krimsky and Racker (3). The high phosphatase ac- 
tivity of o-iodosobenzoate-treated protein (14) supports the latter view. 
However, there is evidence that pyrophosphate itself can in other instances 
block sulfhydryl groups; e.g., it acts like various sulfhydryl reagents in 
preventing interaction of dichlorophenol-indophenol with the protein (17). 
These findings can be reconciled by assuming that the phosphatase site 
(sites) and the sulfhydryl] site (sites) are in close proximity, so that pyro- 
phosphate, by combining at the phosphatase site (sites), would also hinder 
access of other agents to the sulfhydry] site (sites). 

The occurrence of DPNH-X at neutral pH values when both pyrophos- 
phate and acetyl phosphate are present, as described in the present paper, 
may be viewed as a pyrophosphate effect on DPNH oxidation. It was 
found that pyrophosphate does not affect the rate at which DPNH is 
metabolized, but it does affect the product of DPNH metabolism. When 
acetyl phosphate is replaced by 1 ,3-diphosphoglycerate, no effect of added 
pyrophosphate is found, indicating that with this substrate the reaction to 
give DPNH-X is slow, compared to the reaction that gives DPN and re- 
duced substrate. In support of such a conclusion is the fact that the 
over-all rate of DPNH oxidation by 1,3-diphosphoglycerate is several 


thousand times faster than by acetyl phosphate. The possibility that | 


acetyl phosphate functions in the reaction by masking protein sulfhydryl 
groups is unlikely since small quantities of iodoacetate or p-chloromercuri- 
benzoate inhibit the reaction rather than promote it. 

It has been recently reported that muscle 3-phosphoglyceraldehyde 
dehydrogenase contains zinc.* This finding suggests that the pyrophos- 
phate effects reported in the present paper may involve protein-bound 
metal. 


SUMMARY 


The production of the DPNH-X at neutral pH values by the addition of 
pyrophosphate to a system containing acetyl phosphate, reduced diphos- 


3 Hoch, T. L., and Vallee, B. L., reported at the Forty-seventh annual meeting of 
the American Society of Biological Chemists at Atlantic City, April 16-20, 1956. 
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phopyridine nucleotide, and muscle 3-phosphoglyceraldehyde dehydro- 
genase has been described. In addition, pyrophosphate has been found to 
inhibit the phosphatase activity of muscle 3-phosphoglyceraldehyde dehy- 
drogenase. 
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THE SYNTHESIS IN VIVO OF LACTOSE FROM GLUCOSE-1-C* 
AND GALACTOSE-1-C" IN THE GUINEA PIG* 


By JOHN H. PAZUR anp CARL L. TIPTON 


(From the Department of Biochemistry and Nutrition, College of Agriculture, 
University of Nebraska, Lincoln, Nebraska) 


(Received for publication, July 2, 1956) 


Grant (1) and Reithel and coworkers (2) have reported that the enzyme 
systems of the mammary gland are not capable of utilizing galactose phos- 
phates or galactose per se for the synthesis of lactose. This observation is 
difficult to reconcile with recent developments on the mechanism of en- 
zymatic synthesis of lactose and particularly on the roles of uridine diphos- 
phate glucose! and uridine diphosphate galactose (3-5). In our labora- 
tory, evidence has been obtained which points to a direct utilization of 
galactose for the synthesis of lactose in the guinea pig. The experiments 
reported in this paper contribute to the elucidation of the mechanism of 
synthesis of lactose in the mammary gland. 

Galactose-1-C™ was injected intraperitoneally into a lactating guinea 
pig, and samples of milk were collected at varying time intervals. The 
specific activity and the labeling pattern of the lactose from the milk were 
then determined. For comparative purposes, glucose-1-C' was used as 
the marker in other experiments. In all experiments C-labeled lactose 
was produced rapidly from the labeled monosaccharides and attained a 
maximal specific activity in about 4 hours. Hydrolysis of the lactose-C™“ 
to its monosaccharide constituents, followed by activity measurements, 
showed that the lactose possessed unequal labeling in the glucose and galac- 
tose moieties. The galactose of lactose-C produced from galactose-1-C™ 
was considerably more radioactive, and the galactose of lactose-C™ pro- 
duced from glucose-1-C“ was less radioactive than the glucose. On 
degradation of the glucose-C“ and galactose-C™ from the lactose-C", es- 
sentially all of the radioactivity was found at position 1 of the monosac- 
charides. 


* Published with the approval of the Director as Paper No. 775, Journal Series, 
Nebraska Agricultural Experiment Station. Supported in part by a grant from the 
National Science Foundation. 

1 Abbreviations: UDPG, uridine diphosphate glucose; UDPGal, uridine diphos- 
phate galactose. 
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EXPERIMENTAL 


Procedure—Female guinea pigs? were injected intraperitoneally 4 to 6 
days post partum with 0.5 ml. of a solution of glucose-1-C" or galactose-1-C™ 
with specific activities of 2.54 wc. per mg. and 2.24 we. per mg., respec- 
tively, and with a total activity of 80 uc. per experiment. Four animals 
were used in the study, two being injected with glucose-1-C™ and two with 
galactose-1-C™. Samples of 3 to 5 ml. of milk were collected at intervals 
of 0, 1, 4, 8, and 18 hours after injection of the isotope and stored in the 
refrigerator until used for isolation of the lactose. 

Isolation of Lactose—A paper chromatographic procedure (6) was used 
for isolating the lactose from the samples of whole milk, and final purifica- 
tion was achieved by crystallization of the lactose from hot ethanol solu- 
tion. The specific rotation of the lactose was +54°. Samples of 0.5 mg. 
of the lactose from the various samples of milk were chromatographed on 


TABLE I 
Specific Activities of Lactose-C'4 Synthesized from Glucose-1-C'* and Galactose-1-C' 
From glucose-1-C™, c.p.m. per mg. lactose |From galactose-1-C™, c.p.m. per mg. lactose 
Time, hrs. 
Experiment 1 Experiment 2 Experiment 3 Experiment 4 

1 1950 1150 1680 2080 

4 2680 1790 1850 2960 

8 1310 980 1050 1470 

18 370 420 650 


paper strips in a solvent system of n-butyl alcohol-pyridine-water (6:4:3 
by volume) by the multiple ascent technique (7). The Ry, values of the 
lactose samples were identical with the value (0.31) for an authentic sam- 
ple of lactose. Radioactivity in the lactose was detected by radioautog- 
raphy and was measured directly on the paper strips with a thin walled 
mica tube and counter. The synthesis of radioactive lactose from both 
precursors occurred at about the same rate, as shown by the values for spe- 
cific activity recorded in Table I. 

Degradation of Lactose-C'\—Samples of 5 mg. of lactose-C™ were dis- 
solved in 0.1 ml. of water and mixed with 0.1 ml. of a 10 per cent solution 
of lactase of Saccharomyces fragilis? or mixed with 0.1 ml. of 0.2 nN hydro- 
chloric acid. The enzymatic hydrolysis was allowed to proceed at room 


2 The animals were kindly provided by Dr. Carl Olson, Jr., and Dr. George W. 
Kelley, Jr., Department of Animal Pathology and Hygiene, University of Nebraska, 
Lincoln, Nebraska. 

3 A generous sample of purified lactase of S. fragilis was kindly supplied by Dr. 
W. M. Connors, National Dairy Research Laboratories, Inc., Oakdale, Long Island, 
New York. 
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temperature for 6 hours, at which point the enzyme was inactivated with 
heat. Acid hydrolysis was effected at 100° for 8 hours. The glucose and 
galactose in the hydrolysates were separated on paper chromatograms and 
the radioactivities were measured directly on the paper strips. From the 
ratio of these activities and the specific activity of the lactose, the specific 
activities of the glucose and galactose moieties of the lactose were calcu- 
lated. Values for two experiments are recorded in Table II. 

Since the 4 hour samples of lactose possessed the highest specific activi- 
ties (Table I), these samples were used for determining the distribution of 
the radioactivities among the carbon atoms of the lactose molecule. Sam- 
ples of 60 mg. of the lactose-C™ in 1.0 ml. of water were mixed with 1 ml. 
of 0.2 N hydrochloric acid and hydrolyzed at 100° for 8 hours. The glu- 
cose and galactose in the hydrolysates were separated on paper chromato- 


TABLE II 


Specific Activities of Glucose and Galactose Moteties of Lactose-C'* 
Synthesized from Glucose-1-C'* and Galactose-1-C'4 


Lactose-C™ from glucose-1-C™ Lactose-C™ from galactose-1-C™“ 
(Experiment 2) Experiment 3) 
Time, hrs. 
Glucose Galactose Glucose Galactose 
1 750 400 590 1090 
4 1080 710 890 960 
8 510 470 520 530 


grams, located by radioautography, extracted from the chromatograms 
with water, and concentrated by vacuum distillation. The concentration 
of the monosaccharides in the solution was measured with diphenylamine 
reagent (7). The specific rotations were glucose +53°, and galactose 
+77°. Paper chromatographic examination of the solutions showed that 
each contained only one reducing compound with R, values (0.67 and 
0.60) corresponding to those of glucose (0.67) and galactose (0.61). 

Aliquots of the solutions of glucose-C™ and galactose-C“ containing 
about 10 mg. of the carbohydrate were subjected to a Ruff degradation 
by the procedure of Hockett and Hudson (8) as previously described (9). 
Gluconic acid, galactonic acid, arabinose, and lyxose were isolated during 
the course of the degradation by paper chromatographic procedures. Car- 
bon atom 1 of the gluconic and galactonic acids were recovered as barium 
carbonate. Measurements of radioactivity showed that the gluconic and 
galactonic acids were radioactive and that, in the degradation, essentially 
all of their radioactivity appeared in the barium carbonate. Little, if 
any, activity was present in the arabinose or lyxose. 
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DISCUSSION 


That lactose-C™ is produced from either glucose-1-C™ or galactose-1-C™ 
injected intraperitoneally into lactating guinea pigs is evident from the 
data recorded in Table I. C'*-labeled lactose was produced rapidly from 
either monosaccharide, and the specific activity of the lactose attained a 
maximal value in about 4 hours after injection of the labeled compounds. 
As shown in Table II, there are marked differences in the distribution of 
the C™ between the glucose and galactose units of the lactose synthesized 
from the two precursors. The activity of the galactose of lactose-C" 
initially produced from galactose-1-C was approximately twice the ac- 
tivity of the glucose, while the activity of the galactose of lactose pro- 
duced from glucose-1-C was only half of the activity of the glucose. Dif- 
ferences in the labeling pattern were also evident in the lactose from the 
4 hour samples of milk but had essentially disappeared in the lactose from 
the 8 hour samples. Barry (10) and, more recently, Wood and Schambye 
(11) have observed unequal labeling in lactose synthesized in vivo from 
glucose-C™ and from acetate-C"“, and French et al. (12) obtained lactose 
with equal labeling in the glucose and galactose when glucose-C™ was in- 
jected into lactating animals. The results in Table II show that one fac- 
tor which contributes to differences in the labeling pattern of lactose syn- 
thesized from radioactive precursors is the time elapsed between injection 
of the isotope and collection of the milk samples. 

In our experiments, the lactose synthesized from either labeled glucose 
or galactose was found to be labeled at carbon atom 1 of the glucose and 
galactose units. Since the glucose and galactose injected initially into the 
animals were labeled in the I position, a direct utilization of these com- 
pounds for the synthesis of lactose had apparently occurred. Barry (10) 
has reported that the intact glucose molecule can be converted into galac- 
tose and used for the synthesis of lactose in the mammary gland. How- 
ever, that the intact galactose molecule can partake in this series of reac- 
tions has not been previously observed. A conversion of the galactose 
into glucose prior to incorporation of the galactose into lactose is appar- 
ently not necessary, as indicated by the distribution of the activity between 
the glucose and galactose units in the galactose-1-C™ experiments. Al- 
though the glucose and galactose units of lactose can be synthesized from 
smaller carbon fragments, there was little, if any, synthesis of lactose-C" 
from C-labeled fragments, since randomization of the C™ did not occur 
in the lactose synthesized from either glucose-1-C™ or galactose-1-C™. 

Our results show clearly that the intact galactose molecule can be used 
for the synthesis of lactose. Since it is well established that the synthesis 
of lactose proceeds via uridine diphosphate glucose and uridine diphos- 
phate galactose, reactions by which UDPGal can be produced from intact 
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galactose must therefore occur. Reactions suggested for the formation 
of UDPGal (13, 14) require an initial phosphorylation of galactose. How- 
ever, since mammary gland tissue is low in galactokinase (15), other reac- 
tions by which UDPGal can be synthesized must be considered. The 
most direct yet energetically possible route for the synthesis of UDPGal 
is an enzymatic transfer of uridine diphosphate from uridine triphosphate 
to galactose. Such a reaction may also contribute to synthesis of UDPG, 
since in many transfer reactions structurally related compounds can func- 
tion as cosubstrate molecules. The occurrence of such reactions in the 
mammary gland would provide a route by which intact galactose can be 
used for the synthesis of lactose and, since the UDPGal is in equilibrium 
with UDPG (16), for the conversion of galactose into glucose. The 
UDPGal functions as a donor of galactosyl units for the synthesis of lactose 
in the galactosyl transferase reaction (5). 


SUMMARY 


Lactose-C' labeled in the 1 position of the glucose and the galactose 
moieties was isolated from the milk of guinea pigs which had been in- 
jected intraperitoneally with glucose-1-C' or galactose-1-C“%. The dis- 
tribution of the radioactivity between the glucose and galactose of the 
lactose indicates that the intact galactose molecule as well as the intact 
glucose molecule can be used for the synthesis of lactose in the guinea pig. 
Reactions for the synthesis in vivo of lactose from glucose and galactose 
have been discussed. 
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THYROACETIC ACID AND OF TRIIODOTHYRONINE TO 
TRIIODOTHYROACETIC ACID* 
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AND EDWIN C. ALBRIGHT 
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Two pathways for the biosynthesis of triiodothyronine have been postu- 
lated. Roche and Michel (1) contend that it arises by the condensation 
of monoiodotyrosine with diiodotyrosine in the thyroid gland, while Gross 
and Pitt-Rivers (2) suggest that it is formed from thyroxine by deiodina- 
tion. Direct support for the latter hypothesis has been obtained by Gross 
and Leblond (3) with the intact rat and by Albright, Larson, and Tust 
(4) with rat kidney slices. The experiments in vivo have been confirmed 
by Pitt-Rivers et al. and Hogness et al. (5), while Cruchaud et al. (6) have 
confirmed the work in vitro. 

A more detailed investigation of the enzymes involved in the metabo- 
lism of thyroxine was begun after it had been demonstrated that the rate 
of deiodination in kidney slices was increased by hyperthyroidism and de- 
creased by thyroidectomy (7). Attempts to reproduce the deiodination 
of thyroxine to triiodothyronine in cell-free tissue extracts were unsuccess- 
ful. When rat kidney homogenate was incubated with thyroxine labeled 
with I'*!, no triiodothyronine was formed, but three other radioactive 
peaks were detected on chromatograms. The enzymes participating in 
this conversion were found to be in the mitochondrial fraction of the kid- 
ney homogenate and could be rendered soluble by sonic disinteg) ition of 
the particles. The soluble enzyme preparation was used with sufficiently 
large quantities of thyroxine to permit identification of the main product 
as tetraiodothyroacetic acid. Triiodothyronine was converted by the sol- 
uble enzyme preparation to triiodothyroacetic acid. Some aspects of this 
work have been reported elsewhere (8). 


EXPERIMENTAL 


Materials and Preparations—The kidneys of female rats (Sprague-Daw- 
ley; 150 to 200 gm.), homogenized in sucrose, were the source of all enzyme 
* Supported by grants from the Office of Naval Research, the Wisconsin Alumni 


Research Foundation, and the Gustavus and Louise Pfeiffer Research Foundation. 
t Hoffmann-La Roche Postdoctoral Fellow. 
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preparations. Other organs were not used because thyroxine is not de- 
iodinated to triiodothyronine at an appreciable rate in organs other than 
kidney. Isolation of particulate fractions was accomplished by the pro- 
cedure of Schneider (9). Particulate fractions, suspended in 0.25 m su- 
crose, were disrupted in a Raytheon, 10 ke. sonic oscillator for 8 minutes 
with alcohol at —5° as a cooling agent. 

The reference compounds related to thyroxine were obtained from com- 
mercial sources or were synthesized as described elsewhere (10). Tetra- 
iodothyroacetic acid was a gift from Dr. J. Gross, and triiodothyroacetic 
acid was obtained from Glaxo Laboratories, Ltd., through the Smith, 
Kline and French Laboratories. Radioactive thyroxine and triiodothy- 
ronine were obtained from the Abbott Laboratories. Nucleotides were 
from the Pabst Laboratories. 

Extraction and Separation of Products—The reaction mixture was ex- 
tracted with 10 volumes of n-butanol-concentrated NH,OH (50:1, volume 
basis) and centrifuged. The residue was extracted again with 2 volumes 
of n-butanol and centrifuged. The combined butanol extracts were con- 
centrated under reduced pressure to about 50 ml. and were extracted with 
an equal volume of water to remove the salts. The butanol layer was 
concentrated to about 1 ml., carrier compounds were added if desired, and 
the sample was dried on Whatman No. 3 MM paper for chromatography. 
The solvent system used for most of the chromatographic separations was 
tertiary amy] alcohol saturated with 2 nN NH,OH. After the solvents had 
been run in descent for 24 hours, the paper was dried in air. 

The radioactive components were located on the chromatographic strips 
with a Geiger counter equipped with a continuous automatic recording 
scanner. The total radioactivity in the individual peaks was measured by 
planimetry. The position of carrier compounds and of substrates or prod- 
ucts in experiments with high concentrations was located by color develop- 
ment with diazotized sulfanilic acid (Pauly reaction). 


Results 


Location and Solution of Enzyme System—While deiodination of thy- 
roxine to triiodothyronine can be demonstrated readily in kidney slices 
(4, 6, 7), no accumulation of triiodothyronine occurred in repeated experi- 
ments with homogenized kidney. Fig. 1, Curve A, demonstrates the prod- 
ucts which are formed from thyroxine by the homogenate. The main 
unknown was designated as T,U,, when it was established in later experi- 
ments that no deiodination is involved in its formation from thyroxine. 
Some radioactivity appears at the position taken by iodide, but this 1s 
present at zero time and the amount does not increase during incubation. 
Detectable amounts of triiodothyronine are not formed. Fig. 1, Curve B, 
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shows that triiodothyronine is also converted to a more rapidly migrating 
unknown substance which has been designated T3U;. 

The soluble fraction of kidney homogenate and the microsomal fraction 
did not convert thyroxine or triiodothyronine to the unknown compounds 
at an appreciable rate. The mitochondrial fraction was capable of form- 
ing the Unknowns 1 even more effectively than the whole homogenate 
(Figs. 2 and 3). Homogenates or mitochondrial preparations which had 
been heated to 100° were inactive. 

Attempts were next made to obtain in solution the enzymes responsible 


Fic. 1. Products resulting from the incubation of thyroxine and triiodothyronine 
with rat kidney homogenate. A 1:10 homogenate was incubated with the labeled 
hormones for 3 hours, after which the reaction mixture was extracted and chromato- 
graphed as described under ‘‘Experimental.’’ The curve records relative radioactiv- 
ity along the chromatogram strip. Curve A, 0.01 y of thyroxine labeled with I'*! was 
the substrate. T, indicates the position of thyroxine. Unknowns 1 and 2, an un- 
known running near the front, and the position taken by iodide are indicated by U,, 
U., Up and I, respectively. O and F indicate the origin and front of the chromato- 
gram. Curve B, triiodothyronine labeled with I'*! was the substrate. The two peaks 
to the right of the substrate (T;) were found to be formed during the first 5 minutes 
of incubation; they have not been identified. The origin and front of the chromato- 
gram are not shown. 


for the conversion of thyroxine and triiodothyronine to T,U; and T;3U,, 
respectively. Treating mitochondria with distilled water, which disrupts 
their structure and dissolves much of the protein, left the desired enzymatic 
activity in the insoluble residue. Aqueous extracts of acetone-dried mito- 
chondria were slightly active. Sonic treatment of mitochondria in 0.15 
M KCl led to loss of the desired enzymatic activity. Best results were 
obtained with the soluble portion of mitochondria disrupted by sonic oscil- 
lation in 0.25 m sucrose as described under “Experimental.” The thy- 
roxine-converting activity remained in the soluble fraction after centrifug- 
ing for 60 minutes at 105,000 X g; the residue was inactive. Dialysis of 
this soluble fraction against a large volume of cold distilled water did not 
impair the enzymatic activity and improved the extraction and chromatog- 
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raphy of the reaction products. A small amount of protein precipitated 
during dialysis; this was removed by centrifuging. ‘The clear, slightly 
yellow supernatant solution was used in all work described below. The 
endogenous respiration of these preparations was negligible, but addition 
of succinate resulted in some oxygen consumption. 


Fic. 2. The metabolism of thyroxine by rat kidney fractions. The soluble frac- 
tion (S), microsomes (P), and washed mitochondria (M,,) were separated from kidney 
homogenized in 0.25 m sucrose. Other symbols are as in Fig. 1, Curve A. The reac- 
tion mixtures contained 10 7 of thyroxine labeled with trace amounts of I'*!, 2.5 umoles 
of DPN, 50 umoles of phosphate buffer, pH 7.3, 3 umoles of ATP, and 2 ml. of the kid- 
ney fraction representing the following amounts of the fresh organ: M, 1 gm., P 2 gm., 
S$ 0.6 gm. Incubated 2 hours at 37°. 

Fic. 3. The metabolism of triiodothyronine by rat kidney fractions. Symbols 
are as in Fig. 1, Curve B, and Fig. 2. The origins and fronts of the chromatograms 
are not shown. A Uris formed, which is shown in Fig. 6. Experimental conditions 
are as in Fig. 2, except that the substrate was 10 y of triiodothyronine labeled with 
trace amounts of I'*!, 


The rate at which T,U, is formed from thyroxine by the soluble enzyme 
system is shown in Fig. 4; T3U; is formed at a similar rate from triiodo- 
thyronine. Under the conditions described, 70 to 90 per cent of the radio- 
activity of the parent compounds is found in their respective U; analogues 
after 3 hours. The amount of inorganic iodide does not increase during 
incubation of these compounds with the soluble, dialyzed enzyme prepara- 
tion. These facts indicate that the U, compounds contain as much iodine 
as their precursors, thyroxine and triiodothyronine. 
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In experiments similar to those of Fig. 4, but of short duration, K, for 
i-thyroxine was found to be approximately 7 y per ml.; apparent Vax for 
conversion of L-thyroxine to T,U; was 4.1 y per mg. of protein (dialyzed 
preparation) calculated for a 1 hour period. 

Cofactor Requirements—In early experiments with the dialyzed enzyme 
preparation, it was found that the amount of 'T,U; or T;U; formed from 
the respective precursors could be appreciably enhanced by the addition 
of any of the tricarboxylic acid cycle intermediates. No significant dif- 
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Fic. 4. The rate of formation of T,U; (solid dots) and T;U; (open circles) by rat 
kidney mitochondrial extract. The reaction mixtures contained 26 ml. of dialyzed 
extract of mitochondria from 7 gm. of kidney, 2 mmoles of phosphate buffer, pH 7.4, 
12 umoles of ATP, 10 umoles of DPN, 20 umoles of succinate, and 10 y of thyroxine or 
triiodothyronine containing traces of I'*!._ The final volume was 40 ml.; 5 ml. aliquots 
were removed for analyses at zero time, 15 minutes, 30 minutes, 1,2,and3 hours. In- 
cubated at 37°. 


ferences were observed between any of the substrates tried. Succinate was 
selected as the substrate of choice because neither it nor its immediate 
oxidation product participates in transamination reactions. The results 
of an experiment to determine the effect of various cofactors are shown in 
Table I. Although succinate enhanced the formation of the unknowns in 
the absence of other cofactors, or in the presence of adenosine triphosphate 
(ATP), it was not nearly as effective as diphosphopyridine nucleotide 
(DPN). In the presence of DPN, succinate did not enhance the conver- 
sion. The addition of a DPNH-generating system such as ethanol and 
yeast alcohol dehydrogenase did not enhance conversion of thyroxine to 
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T,U,;. Triphosphopyridine nucleotide (TPN) and nicotinamide were with- 
out effect. In repeated experiments, ATP has consistently inhibited the 
conversion. 

| Characterization of U, Products—Large scale experiments were carried 
out to obtain enough of the product to permit chemical characterization. 
The incubation mixture consisted of 20 ml. of 0.1 mM phosphate buffer, pH 
7.4, 0.2 ml. of 0.05 m DPN, 0.2 ml. of 0.1 M succinate, 2.0 ml. of thyroxine 
or triiodothyronine containing 2 mg. of the unlabeled compound together 
with trace amounts of the I'*!-labeled compound, and 25 ml. of dialyzed 


TABLE I 


Effect of Cofactors on Conversion of Thyroxine and Triiodothyronine 
to T,U, and 7;U,, Respectively 


Components present 
Flask No. TU 
Succinate DPN ATP 
per cent per cent 
1 — 28 42 
2 + ~ _ 35 48 
3 + 56 75 
4 + 19 29 
5 + + — 52 74 
6 + 44 66 
7 + 30 42 
8 + + + 44 
9 (Zero time) + + + 0 0 


The incubation mixture contained 0.017 m phosphate buffer, pH 7.4, 2.0 ml. of.di- 
alyzed enzyme, and 10 y of thyroxine or triiodothyronine containing tracer quan- 
tities of I'*!. The cofactors were tested at the following concentrations: succinate, 
3.3 X 10-3 m; DPN, 1.6 X 10° m; ATP, 2 X 107m. The final volume was 3.0 ml.; 
incubated 1 hour at 37°. 


enzyme solution prepared as described above. This amount of enzyme 
was the soluble fraction of the mitochondria from 6 to 10 gm. of rat kidney. 
In some experiments 0.2 ml. of 0.06 m ATP was included. The mixture 
was divided between two 125 ml. Erlenmeyer flasks and was shaken in a 
37° bath for 3 hours before extracting with butanol. 

The chromatogram of the mixture incubated with thyroxine is shown in 
Fig. 5, Curve A. A large portion of the labeled thyroxine was converted to 
T,U,, and a significant amount of Uz. and U, was also present. The T,U; 
peak was cut from the chromatogram; it was eluted and chromatographed 
to give the symmetrical peak shown in Fig. 5, Curve B. This portion of 
Fig. 5 also demonstrates that the unknown substance itself gives a positive 
diazo test. Other samples of the unknown were eluted after chromato- 
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graphing and subjected to qualitative tests. They gave a positive Kendall 
test which indicated that the phenolic hydroxy] is activated by at least 1 
iodine atom in the ortho position. The ninhydrin test was negative, in- 
dicating the absence of the a-amino acid side chain. The compound did 
not react with 2,4-dinitrophenylhydrazine or semicarbazide (11), indicat- 
ing the absence of a carbonyl function. It did not react with picric acid 
(12) or with o-phenylenediamine (13), thus demonstrating that it was not 
an a-keto acid. 


Fia. 5 Fic. 6 

Fic. 5. The isolation of T,U,; and cochromatography with tetraiodothyroacetic 
acid. The incubation with 2 mg. of thyroxine was carried out as described in the 
text. (a) 50 y of non-isotopic thyroxine (T,) and triiodothyronine (T;) were added 
to the chromatogram. Their position after migration is indicated on the strip by 
the red color formed on treatment with diazotized sulfanilic acid. (6b) Unknown U, 
eluted from peak position of chromatograms like that in (a). Its position is shown 
by radioactivity and by the corresponding color band (diazo reaction) on the strip. 
50 7 of Ty and T; had been added. (c) Position of labeled unknown corresponds with 
color band of carrier tetraiodothyroacetic acid. 

Fic. 6. The large scale preparation of T;U,;. The conditions are as described in 
the text. 507 of thyroxine, 50 y of triiodothyronine, and 50 y of triiodothyroacetic 
acid were added to the chromatogram. The radioactivity of U; corresponds with 
the Pauly reaction given by triiodothyvroacetie acid. 


Among a variety of analogues of thyroxine which were tested, only 
tetraiodothyropropionic acid (14) and tetraiodothyroacetic acid (15) mi- 
grated on paper chromatograms at about the same rate as T,U, (Fig. 5, 
Curve C). In the standard solvent system used (tertiary amy] alcohol-2 
N NH,OH), the following Ry values were observed: thyroxine 0.21, tetra- 
iodothyropropionic acid 0.29, and tetraiodothyroacetic acid 0.27. Three 
other systems failed to resolve mixtures of T,U, and either tetraiodo- 
thyropropionic acid or tetraiodothyroacetic acid. These systems were (a) 
butanol-1 n HCl at volume ratios of 20:1, (b) collidine saturated with 
water and with NH; in the atmosphere, and (c) butanol-acetic acid-water 
at volume ratios of 80:20:20. Evidence that T,U, was not tetraiodo- 
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thyropropionic acid was obtained by recrystallization of the latter in the 
presence of labeled T,U;. 20 mg. of tetraiodothyropropionic acid and the 
labeled unknown were mixed and crystallized four times from 95 per cent 
ethanol by dilution with water. The specific activity of the recovered ma- 
terial decreased with each crystallization (Table II). Insufficient amounts 
of authentic tetraiodothyroacetic acid were available to permit cocrystal- 
lization with T,U,;. The combined evidence of color tests and chromato- 
graphic behavior, together with the more definite characterization of T;U, 
described below, leads us to conclude that T,U, is tetraiodothyroacetic 
acid. The experiments described above have been repeated with T,U, 
from four different experiments. 


TABLE II 
Crystallization of Unknown Substances with Carrier Compounds 
Unknown substance -+ T3Ui 

xy! xy"! xy" 
Original mixture............... 8.45 3.39 4.29 
Ist erystallization.............. 4.32 3.31 3.10 
2nd 2.19 3.37 2.60 


20 mg. of authentic compound as carrier were used in each experiment. Condi- 
tions of crystallization are described in the text. The amount of carrier compound 
present was determined at each stage of crystallization by measuring the absorbance 
at 289 my for triiodothyropropionic acid, at 298 my for triiodothyroacetic acid, and 
at 300 my for tetraiodothyropropionic acid. 


Fig. 6 depicts the products obtained from the enzymatic conversion of 
2 mg. of triiodothyronine. The T;U, region of radioactivity corresponded 
with the positive diazo-reacting substance. It also reacted positively in 
the Kendall test and negatively with ninhydrin, 2 ,4-dinitrophenylhydra- 
zine, semicarbazide, and picric acid. The unknown migrated in the four 
solvent systems described above at the same rate as triiodothyroacetic 
acid and only slightly faster than triiodothyropropionic acid. In the ter- 
tiary amyl alcohol system, the Ry values were triiodothyronine 0.40, di- 
iodothyronine 0.46, triiodothyropropionic acid 0.50, and triiodothyroacetic 
acid 0.56. 

Final characterization was accomplished by cocrystallization (Table II). 
About 20 mg. of authentic triiodothyroacetic acid! or triiodothyropropionic 


1 Glaxo Laboratories, Ltd., England. 
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acid (10) and about 100 y of T;U; which had been purified by chromatog- 
raphy were dissolved in 1 ml. of absolute methanol. An aliquot of 0.1 
ml. was removed for determining specific activity of the mixture. To the 
remaining 0.9 ml., 3.0 ml. of water were added, and the crystals which 
separated were collected by centrifuging, washed three times with water, 
and dried over P:O; for 1 hour. The crystals were again dissolved in 1 
ml. of methanol, and the procedure was repeated four times. Triiodo- 
thyropropionic acid lost about 50 per cent of the radioactivity at each 
crystallization step, while the specific activity of triiodothyroacetic acid 
remained constant, within experimental error, through four repeated crys- 
tallizations. The chromatographic experiments, the color tests, and the 
results summarized in Table IT show clearly that T;U, is triiodothyroacetic 
acid, 


DISCUSSION 


The conversions of thyroxine to tetraiodothyroacetic acid and of tri- 
iodothyronine to triiodothyroacetic acid probably represent reactions of 
importance in the metabolism of thyroid hormones. Both of the acetic 
acid analogues are about one-half as active as thyroxine (one-tenth as ac- 
tive as triiodothyronine) in the rat goiter-prevention assay (16). Triiodo- 
thyroacetic acid is 4 to 8 times more active than L-thyroxine in stimulat- 
ing metamorphosis of Rana clamitans.2. The tetraiodoacetic acid analogue 
is also active in the tadpole, but anomalous behavior precludes a quanti- 
tative comparison. Both analogues are active in human subjects (17, 18) 
and both uncouple oxidative phosphorylation in mitochondrial prepara- 
tions.’ 

Until more is known concerning the nature of the cellularly active forms 
of the thyroid hormone, we cannot say whether the conversion of the 
alanine side chains to substituted acetic acids represents part of the path- 
way of synthesis of a more active agent or whether it represents a means 
of disposing of excess hormone. Whatever its physiological significance, 
the pathway is not an artifact of the experimental conditions, for Roche 
et al. (19) have recently reported the occurrence of radioactive triiodo- 
thyroacetic acid in the kidneys of thyroidectomized rats treated with tri- 
iodothyronine containing I'*'. The conversion of the halogenated thyro- 
nines to the thyroacetic structures can account, at least in part, for the 
formation of COs in rats injected with carboxyl-C"-thyroxine (20). 

The pathway by which thyroxine and triiodothyronine are converted to 
their respective acetic acid analogues will be the subject of a subsequent 
paper. It might be mentioned here, however, that tetraiodothyronamine 


* Unpublished experiments of Miss Patricia Broberg. 
* Unpublished experiments. 
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(21) and triiodothyronamine (10) do not appear to be intermediates. On 
the other hand, the corresponding pyruvic acid analogues, which have been 
reported (22) to occur in the bile of animals given thyroxine or triiodo- 
thyronine, appear likely to be intermediates in the formation of the acetic 
acid analogues. 


SUMMARY 


1. The deiodination of thyroxine to triiodothyronine, which occurs in 
kidney slices, does not occur in homogenates of kidney or in particulate 
fractions of the homogenate. 

2. The mitochondria] fraction of rat kidney converts thyroxine and tri- 
iodothyronine to derivatives which retain the original iodine of their re- 
spective precursors. 

3. The enzymes which form the derivatives are rendered soluble by 
sonic oscillation of mitochondria in sucrose. Diphosphopyridine nucleo- 
tide enhances the activity of the dialyzed enzyme preparation. 

4. The enzymatic conversion products have been identified as tetra- 
iodothyroacetic acid and triiodothyroacetic acid by paper chromatography, 
color tests, and by cocrystallization with compounds of known structure. 


The technical assistance of Miss Sue Ames, medical technician, is much 
appreciated. 
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STUDIES ON PITUITARY LACTOGENIC HORMONE 


XV. N-TERMINAL RESIDUE ANALYSIS AND N-TERMINAL 
SEQUENCE ANALYSIS* 


By R. DAVID COLE,f I. I. GESCHWIND, anv CHOH HAO LI 


(From the Hormone Research Laboratory and the Department of Biochemistry, 
University of California, Berkeley, California) 


(Received for publication, June 20, 1956) 


Previous investigations have demonstrated that, according to results 
obtained by electrophoresis (1), solubility studies (2), and countercurrent 
distribution (3), highly purified preparations of lactogenic hormone behave 
as homogeneous proteins. Hence, it was deemed of interest to secure 
further evidence of the purity of such preparations and to extend the 
previous investigations (4) on the chemical structure of this protein hor- 
mone. This communication reports the identification of the N-terminal 
amino acid residue of lactogenic hormone and a partial N-terminal amino 
acid sequence. 


EXPERIMENTAL 


The lactogenic hormone (prolactin) preparations were isolated from 
sheep pituitary glands by the method previously described (3). When 


_ assayed by its effectiveness in stimulating the crop sac of the pigeon (5), 


the hormone was found to possess an activity of 35 i.u. per mg. 
Reaction with 2 ,4-Dinitrofluorobenzene—The reaction with prolactin was 


_ carried out essentially as described by Porter (6). 25 mg. of prolactin 
together with 25 mg. of NaHCO; and 250 mg. of the dinitrofluorobenzene 


were dissolved in 3.7 ml. of 67 per cent ethanol, and the solution was shaken 
at room temperature for 4 hours. The insoluble dinitrophenyl (DNP) 
protein thus produced was washed thoroughly with water, ethanol, and 
ether, and was then dried in vacuo over several changes of KOH. A 
weighed amount (15 mg.) of the DNP protein was hydrolyzed for 10 hours 
at 110° with 0.5 ml. of constant boiling HCl in a sealed, evacuated tube. 
After the hydrolysate had been removed from the tube and diluted to n 
HCl, it was extracted three times with ether. The aqueous phase and the 
combined ether extracts were analyzed quantitatively by means of the 
paper chromatographic method described by Levy (7). 


* Aided in part by a grant from the National Institutes of Health, United States 
Public Health Service (No. G-4097). 

+ This work was carried out under the tenure of a du Pont Postgraduate Fellow- 
ship in Biochemistry (1953-54). Present address, The Rockefeller Institute for 
Medical Research, 66th Street and York Avenue, New York 21, 
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Reaction with Phenyl Isothiocyanate—A second technique used for the 
quantitative estimation of the N-terminal residues of lactogenic hormone 
entailed a modification (8) of the phenylthiocarbamyl method of Edman 
(9). A mixture of 21.7 mg. of the protein hormone, 1.5 ml. of water, 1.5 ml. 
of dioxane, 0.1 ml. of 3 m KCl, and 0.2 ml. of phenyl isothiocyanate was 
stirred vigorously while being maintained at pH 9 for 3 hours by inter- 
mittent additions of 0.2 Nn NaOH. Excess reagent was then removed from 
the solution by repeated extractions with ether (peroxide-free), until the 
optical density of successive extracts read below 0.01 at 265 mu. After the 
aqueous solution was adjusted to 1 N HCl with 6 n HCl, it was maintained 
at 100° for 60 minutes to convert the N-terminal phenylthiocarbamyl- 
amino acid residue of the protein into the corresponding amino acid phen- 
ylthiohydantoin. This product was then extracted from the acidic solution 
with ether (2 X 5ml.). The ultraviolet absorption spectrum of this ether 
extract was compared with that of an authentic sample of the phenyl- 
thiohydantoin of threonine (10), which had been submitted to similar 
treatment with acid. The amino acid hydantoin derivatives in the ether 
extract and in the aqueous residue were identified by the chromatographic 
procedures of Sjéquist (11) and by acid hydrolysis (10), followed by two- 
dimensional chromatography (12) of the resulting free amino acids. 

Reaction with Periodate—After threonine had been identified as the N- 


terminal amino acid of lactogenic hormone by means of the above proce- , 


dures, oxidation of the hormone with periodate was employed as an addi- 
tional means of determining quantitatively the number of N-terminal 
threonine residues in the hormone protein, according to a procedure devel- 
oped in this laboratory by Geschwind. The hormone (6.25 mg.; 0.25 umole) 
was dissolved in 1 ml. of 0.1 Mm NaHCQs;, and 0.5 ml. of 0.04 m sodium 
metaperiodate was added. The tube containing the solution was stop- 
pered, and the reaction was allowed to proceed for 5 minutes in the dark, 
after which 0.5 ml. of 10 per cent NaHSO; was added with gentle shaking. 
The volume was brought to 5 ml. with water, and two 1 ml. aliquots were 
used for the estimation (13) of the acetaldehyde that had been formed by 
the reaction of periodate with the N-terminal threonine residue. Optical 
densities were read at 560 my with a Coleman junior spectrophotometer. 
The results obtained in this manner were compared with a standard curve 
for the recovery of added threonine in the presence of 0.25 umole of lacto- 
genic hormone. In order to obtain the standard curve, 0.05 to 0.5 ymole 
of threonine was added to the hormone, and the optical densities were de- 
termined after oxidation with periodate and reaction with p-hydroxydi- 
phenyl. The optical density obtained with the hormone alone was then 
subtracted from each of these values for correction. The plot of threonine 
concentrations against the corrected optical densities was found to be 
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linear. Moreover, the standard curves obtained in the presence of differ- 
ent samples of 0.25 umole of highly purified lactogenic hormone all had the 
same slope, which was 67 per cent of that obtained in the absence of any 
added protein. It may be mentioned that the slope of standard curves for 
recovery of threonine in the presence of bovine serum albumin, which does 
not possess an N-terminal threonine residue, was also smaller than that 
found for threonine alone. 

N-Terminal Sequence Studies—Studies to determine the N-terminal 
sequence of lactogenic hormone were carried out with the phenylthiocar- 
bamyl method as outlined by Fraenkel-Conrat (14). Onto a strip (2 X 8 
em.) of Whatman No. 1 filter paper, 25 mg. of lactogenic hormone in 50 
to 100 ul. of 2 per cent aqueous NH; were applied. The paper was dried 
and treated with 50 yl. of 20 per cent phenyl! isothiocyanate (in dioxane), 
and incubated in an atmosphere of pyridine, dioxane, and water for 8 to 12 
hours at 40°. The strip was washed by being shaken with several portions 
of benzene and then with several portions of a mixture (1:1) of ethanol and 
ether, until the ethanol-ether washings had an optical density at 265 my 
of less than 0.01. The strips were then placed in a desiccator which con- 
tained beakers of glacial acetic acid and 6 N HCl, and the desiccator was 
evacuated. After 8 hours, the amino acid phenylthiohydantoins split 
from the protein were washed from the paper by shaking with 12 ml. 
of ethanol-ether mixture for an hour, and were estimated quantitatively on 
the basis of their ultraviolet absorption (10). To identify the derivatives, 
aliquots of the ethanol-ether extract were submitted to chromatography 
before and after acid hydrolysis, as outlined above. 


Results 


Hydrolysis of DNP prolactin was found to yield DNP threonine as the 
only a-DNP amino acid. In order to obtain a quantitative estimate of 
the DNP threonine residue in the hormone protein, it was necessary to 
make a correction for the destruction of the DNP threonine that is known 
to occur (6) during its release by acid hydrolysis. When a known amount 
of DNP threonine was hydrolyzed in the presence of DNP lactogenic hor- 
mone, 71 per cent of the added DNP threonine was recovered. There- 
fore, all the results obtained with the fluorodinitrobenzene technique are 
corrected on the assumption that 29 per cent of the N-terminal DNP thre- 
onine is lost during its release and subsequent isolation. With this cor- 
rection, it was found that the number of moles of N-terminal threonine 
per mole of prolactin is close to unity (Table I). The obvious interpre- 
tation of this finding is that the molecule of lactogenic hormone is com- 
posed of a single chain, at the N terminus at any rate. It may also be 
taken as an indication of the homogeneity of the hormone. 
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In order to substantiate the validity of such a criterion of homogeneity, 
N-terminal residue analyses were performed on preparations of the hor- 
mone, obtained at various stages of purification and possessing different 
biological potencies; the results are summarized in Table II. It may be 
seen that threonine is found in all preparations as the predominant N- 


TABLE I 
N-Terminal Residue Analysis of Lactogenic Hormone by Fluorodinitrobenzene Method 
Amount of prolactin employed DNP threoninet me oa 

pmole | pmole | 

0.37 | 0.37 | 1.00 
0.28 | 0.26 | 0.93 
0.37 0.37 1.00 
0.43 0.45 | 1.05 
0.33 0.34 | 1.03 
0.34 0.32 | 0.94 
0. 0.42 | 0.95 


* The molecular weight of prolactin was assumed to be 25,000 (1). 
t Multiplied by 1/0.71 to correct for hydrolytic destruction and loss during isola- 
tion. 


TABLE II 
N-Terminal Residue Analysis of Various Preparations of Lactogenic Hormone 
N-Terminal residue* 
Preparation No.  /Biological potency 
Threonine Tyrosine Lysine Glutamic acid 
i.u. per mg. 
I 5 0.81 0.57 0.07 0.19 
II 15 0.94 0.27 0.02 0.02 
III 20 0.95 0.59 0.10 0.08 
IV 30 1.07 0.06 0.09 
V 30 1.00 0.17 
VI 35 0.98 


* Moles per 25,000 gm. 


terminal amino acid, and that the amount of the other N-terminal amino 
acids (7.e., tyrosine, lysine, and glutamic acid) decreases as the preparation 
becomes more highly purified. Moreover, these minor amounts of other 
N-terminal amino acids disappear when the preparations attain a potency 
of 35i.u. per mg. Thus, these data lend further support to the conclusion 
that threonine is the N-terminal residue of the hormone protein. 

It seemed advisable to confirm further the above findings by means of 
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the phenylthiocarbamyl technique, which does not necessitate a correc- 
tion for hydrolytic destruction. The results of these experiments again 
revealed threonine to be the sole N-terminal residue of lactogenic hormone, 


TaBLeE III 
N-Terminal Residue Analysis of Lactogenic Hormone by Phenylthiocarbamyl Method 


Phenylthiohydantoin of threonine 


Phenylthiohydantoin of threonine per mole of prolactin 


Amount of prolactin employed* 


pmole pmole 
0.91 0.85 0.93 
0.53 0.52 0.98 


* The molecular weight of prolactin was assumed to be 25,000. 


TABLE IV 
N-Terminal Residue Analysis of Lactogenic Hormone by Oxidation with Periodate 
Preparation No.* N-Terminal threoninet N. Termin 
pmole 
I 0.22 
0.24 
(Average 0.23) 0.92 
Il 0.21 0.84 


* 6.25 mg. of protein were employed; 0.25 um, assuming no correction for moisture 
and ash for a molecular weight of 25,000. 
t In terms of acetaldehyde found. 


TABLE V 
Stepwise Degradation of N Terminus of Lactogenic Hormone by Paper Strip Method 


Step No. etn mole per Residue 
0.89 Threonine 
2 0.80 Proline 
3 1.00 Valine 
4 0.96 Threonine 
5 0.95 Proline 


with but one N-terminal threonine in each mole of the protein hormone 
(Table ITI). 

In addition, when two preparations of lactogenic hormone were oxidized 
with periodate, recoveries of acetaldehyde equivalent to 0.84 and 0.92 
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moles of N-terminal threonine per mole of hormone of 25,000 molecular 
weight were obtained (Table IV). Since no correction has been made for 
moisture and ash, these figures represent a minimal value for the amount 
of N-terminal amino acid per mole of protein. The use of periodate to 
determine N-terminal threonine as acetaldehyde complements the use of 
this same selective oxidant for the determination of N-terminal serine in 
a-corticotropin, as reported previously from this laboratory (15). 

The agreement among the results obtained by these three methods is 
completely satisfactory, and establishes the conclusion that lactogenic 
hormone is composed of a single chain at the N terminus, with threonine 
as the terminal residue. This fact encouraged us to undertake the deter- 
mination of the N-terminal amino acid sequence of the protein hormone by 
means of the paper strip method (14), a technique which had been em- 
ployed with success for similar investigations on a-corticotropin (16). As 
shown in Table V, the method proved to be satisfactory for the stepwise 
degradation (Steps 1 to 5) of prolactin at the N terminus. Thus, it is 
possible to formulate the N-terminal amino acid sequence as follows: 
Thr.Pro.Val.Thr.Pro... At Steps 6 and 7, random hydrolysis of the 
protein gave rise to additional end groups, which made recognition of 
the major end group in those positions impossible. 


SUMMARY 


N-Terminal residue analysis of lactogenic hormone isolated from sheep 
pituitary glands has been investigated by the fluorodinitrobenzene and the 
phenylthiocarbamy]! procedures and by oxidation with periodate. The 
results suggest that the hormone is a homogeneous protein with 1 residue 
weight of N-terminal threonine per mole. By means of the paper strip 
method, the N-terminal sequence of the hormone was revealed to be 
Thr. Pro. Val.Thr. Pro. 
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THE PURINE BASES OF HUMAN URINE 
I. SEPARATION AND IDENTIFICATION* 


By BERNARD WEISSMANN, PHILIP A. BROMBERG, anv 
ALEXANDER B. GUTMAN 


(From the Department of Medicine, The Mount Sinat Hospital, New York, and the 
Department of Medicine, Columbia University College of Physicians 
and Surgeons, New York, New York) 


(Received for publication, May 16, 1956) 


Although the variations in urinary excretion of uric acid with diet and 
in disease have been studied rather extensively, partly because of their 
implications for nucleic acid metabolism, the purine bases long known to 
be present in small amounts in human urine (4) have received little atten- 
tion, except for the methylated xanthines of dietary origin. In the last 
century Kriiger and Salomon, with the methods of the period, carefully 
fractionated the purine bases from 10,000 liters of pooled human urine 
(5, 6). Hypoxanthine, xanthine, adenine, and 7-methylguanine were 
isolated in 3 to 10 gm. quantities and identified. In view of the considera- 
ble improvement in methods since their time, it was considered worth 
while to examine this problem again by modern techniques, and to develop 
methods suitable for the examination of individual urine specimens. 


EXPERIMENTAL 


Preparation of Urinary Purine Concentrate—Because of the extremely 
small quantities in urine of the purine bases sought and the presence of 
large quantities of salts, urea, uric acid, and other organic substances, 
preliminary concentration steps were found necessary before chromato- 
graphic separations could be attempted. Direct precipitation with cu- 
prous ion or ammoniacal silver ion was unsatisfactory because these rea- 
gents also precipitate uric acid, the most troublesome interfering 
substance. Satisfactory results were obtained by application of an ion 
exchange technique earlier used for segregation of the amino acids of blood 
plasma (7), followed by acid silver nitrate precipitation (8). For present 
purposes, it was necessary to employ a higher silver concentration and 
longer time of precipitation than has previously been recommended. 

In the procedure adopted, a 24 hour specimen of urine, collected over 


* This work was supported in part by a grant (No. A-162) from the National Insti- 
tute of Arthritis and Metabolic Diseases, National Institutes of Health, and a grant 
from the New York Chapter of the Arthritis and Rheumatism Foundation. Some of 
the results have been reported in preliminary communications (1-3). 
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chloroform, was acidified to pH 2 (short range indicator paper) with hy- 
drochloric acid, diluted to 3 liters, refrigerated overnight or longer, and 
filtered. It was then passed slowly (2 hours) through a column containing 
500 ml. of Dowex 50-H* (8 per cent cross-linked, 20 to 50 mesh, previously 
conditioned by several cycles of alkali and acid). The column was slowly 
washed with 4 liters of water. The percolate and washings, which con- 
tained the uric acid, urea, and anions, were discarded. The column was 
eluted with 2.0 liters of 1 M ammonium hydroxide (2 hours) the next day. 
The salt-free eluate, which contained the purine bases as well as amino 
acids and creatinine, was concentrated to near dryness in vacuo to remove 
ammonia, and the volume was adjusted to 100 ml. Aliquots removed at 
this point could be preserved indefinitely at —30°. 

The solution was acidified to pH 2 with 1 N sulfuric acid (paper), 20 ml. 
of 1 m silver nitrate were added, and the resulting mixture was stored in 
the dark for 1 day at room temperature and 2 to 3 days at 5°, to complete 
precipitation. The precipitate was centrifuged and washed three times by 
careful suspension in 20 ml. portions of water. An even suspension of the 
precipitate in 200 ml. of 0.05 m hydrochloric acid was stirred for 5 minutes 
in a boiling water bath, the solution was decanted through a filter, and the 
silver chloride was washed once with 100 ml. of hot 0.05 m hydrochloric 
acid. The combined solutions were concentrated to approximately 30 
ml. in vacuo and allowed to stand overnight in the dark to permit separation 
of colloidal silver chloride. This purine concentrate, which could be 
preserved some months at 5° without apparent loss, was used directly for 
ion exchange chromatography. For paper chromatography, a 0.1 aliquot 
was concentrated to dryness in vacuo in a rotary evaporator, and the residue 
was at once redissolved in 0.80 ml. of 1 m hydrochloric acid. This solution 
was supersaturated and had to be used at once. 

Paper Chromatography—The descending method was used throughout. 
Extra sheets of filter paper wet with the solvent used were placed in the 
chromatography tanks and an equilibration period of at least 4 hours was 
allowed before the start of development. The chromatograms were dried 
at room temperature and the spots were rendered visible by ultraviolet 
illumination (9). 

Paper chromatography in two dimensions was found necessary for separa- 
tion of the urinary purine concentrate, since the large number of com- 
ponents and the presence of strongly fluorescing substances rendered 
inadequate all the one-dimensional systems tried. In the procedure 
adopted, 3 successive 20 ul. spots of the concentrate were applied to a 
point 10 cm. from either edge of a 46 X 57 cm. sheet of Whatman No. 3 
MM paper. The paper was developed in the long dimension with n-butyl 
alcohol-0.6 mM ammonium hydroxide (6:1 (9) (butanol-ammonia)) until 
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the adenine spot approached the end of the sheet (28 to 72 hours, depend- 
ing on temperature and humidity). After drying, it was developed for 
10 to 20 hours in the other dimension with n-butyl alcohol-89 per cent 
formic acid-water (77:11:12), freshly prepared for each use (10) (butanol- 
formic acid). 

For determination of R, values, eluates from the spots of each substance 
on replicate two-dimensional chromatograms were pooled, concentrated, 
and applied to Whatman No. 1 paper. In addition to the butanol-am- 
monia and butanol-formic acid solvents, aqueous (11) M/15 phosphate 
buffer of pH 7.0 and m/10 borate buffer at pH 9.0 were used. Sheets 
developed with butanol-formic acid were previously treated with gaseous 
ammonia and aired. When slight differences between a substance from 
urine and a presumed identical authentic compound (customarily run as 
adjacent spots on the same sheet) were suspected, the pair was chroma- 
tographed again on new papers. These were developed until the spots 
were near the end of the sheet, with the solvent front off the sheet. Marked 
variations with seasonal conditions were observed in the absolute, but not 
the relative, Rr values of purine derivatives. The values given in this 
report were those determined in a single run. 

For purification of synthetic specimens, fractions from ion exchange 
columns or pooled spot eluates, these were applied as several 20 ul. spots 
at 1 cm. intervals on Whatman No. 3 MM filter paper, which was developed 
in one dimension. The resulting bands and corresponding blank areas 
were cut out and eluted, and the eluates were used for spectral work. 

Ion Exchange Chromatography (12, 13)—Dowex 50-H* (Nalcite HCR, 
12 per cent cross linkage, 200 to 400 mesh, National Aluminate Corpora- 
tion, Chicago), from which fines had been removed by repeated settling in 
water, was washed in a column with 10 volumes each of 2 m hydrochloric 
acid, 8 m hydrochloric acid, water, 2 M sodium hydroxide, 2 m hydrochloric 
acid, 8 m hydrochloric acid, and 0.05 m hydrochloric acid. Purine con- 
centrate which represented 0.5 aliquot of a 24 hour urine collection was 
diluted to a hydrochloric acid concentration of 0.05 m and added to a col- 
umn of this resin of 0.80 sq. cm. by 50 cm. bed dimensions. The charge 
was washed in with 25 ml. of 0.05 m hydrochloric acid, and the column was 
then developed with 2200 ml. of dilute hydrochloric acid, the concentra- 
tion of which was varied linearly (14, 15) from 1.00 m to 4.00 m as follows. 
Two identical Erlenmeyer flasks, open at the top and joined at the bottom 
by a capillary tube, were mounted at the same level. One flask initially 
contained 1100 ml. of 4.0 m hydrochloric acid. The other flask, which was 
magnetically stirred and had an outlet tube at its bottom leading to the 
column, initially contained 1100 ml. of 1.0 m hydrochloric acid. The rate 
of flow was 25 ml. per hour, and the temperature was maintained at 25°. 
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The ultraviolet absorption of the effluent fractions (12.0 ml. each) was 
measured at 240, 260, and 290 my. The contents of the tubes contained 
within well defined peaks were pooled, concentrated, and applied to one- 
dimensional paper chromatograms. Tubes in poorly defined peaks were 
examined singly or in groups of two to four. The spots obtained on the 
paper chromatograms were correlated with the spots demonstrated on the 
two-dimensional paper chromatograms and with authentic specimens by 
comparison of Rp values and ultraviolet spectra, determined after elution 
from the paper. Known synthetic compounds were applied to identical 
columns in groups of six to eight, and the peaks observed were identified 
by paper chromatography. The position of peak tubes near the end of the 
run (adenine) was reproducible within three tube numbers in replicate 
runs. The reproducibility of intermediate peaks (guanine) was one tube 
number. 

Ultraviolet Spectrophotometry—The wave length calibration of the Beck- 
man DU spectrophotometer used was verified by use of a mercury vapor 
lamp. ‘To minimize the effect of small impurities, the spectra of the syn- 
thetic compounds, as well as the spectra of the substances from urine, were 
all determined on paper eluates. Extinctions are accordingly reported on 
a relative optical density scale, the maximal optical density at pH 2.1 
being set at unity. 

Spots excised from paper chromatograms were dried for 5 minutes in a 
vacuum oven at 100°, and macerated with 3.5 ml. of water. The resulting 
pulp was filtered through a small sintered glass funnel. In all cases, pieces 
of the same area as the spots were cut from corresponding locations on 
filter paper to which no material had been applied, and which had been 
developed, dried, and extracted in parallel with the chromatograms. For 
each substance, the optical densities of the spot and blank extracts were 
measured in the same cuvette (to avoid necessity for cell corrections) at 
5 my intervals from 220 to 310 mu. The blank corrections were subtracted 
at each wave length and pH value (16). It should be pointed out that the 
blank correction was a large proportion of the total absorption, especially 
for the weaker spots and for shorter wave lengths. 

Measurements at pH 2.1, 6.1, 9.0, 0, and 14 were customarily made on 
the same 2.5 ml. aliquot of paper extract by successive addition of appro- 
priate buffer solutions.!. The use of standard pH values for spectral com- 


1 Addition of 25.0 ul. of a solution containing 2.40 m hydrochloric acid, 1.00 m di- 
sodium hydrogen phosphate, and 0.50 m boric acid gave pH 2.1. Addition of 25.0 ul. 
of 1.48 m sodium hydroxide, 25.0 ul. of 1.07 Mm sodium hydroxide, 0.25 ml. of 10 m hydro- 
chloric acid, and 0.50 ml. of 10 m sodium hydroxide gave the other pH values listed. 
Phosphate-citrate buffers, sodium carbonate-bicarbonate, and sodium hydroxide 
were used for other pH values when needed. Corrections for dilution were applied 
to the optical density. 
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parisons, rather than values well removed from the pK values of the indi- 
vidual purines studied (17), was dictated by the cumbersome nature of the 
differential spectrophotometry of paper eluates as well as by the wide 
range of pK values encountered. Table I lists the pK values measured in 
the present work, and other values appear in the literature (18). The low 
ultraviolet absorption of borax and hydrochloric acid and the availabil- 
ity of numerous reference spectra at pH 2 and 9 (19, 20) prompted the 
choice of these pH values for comparisons. 

Nitrous Acid Treatment—A sample of the purine (0.25 mg. for 7-methyl- 
guanine and N?-methylguanine, 1 mg. for 1-methylguanine) was suspended 
in 0.25 ml. of 2 mM acetic acid at 60°, and 0.025 ml. of 1 mM sodium nitrite was 
added. After the solution was stirred for 5 minutes, a second portion of 
sodium nitrite was added and heating was continued for 5 minutes more. 
The resulting solution was at once spotted on paper for chromatographic 


TABLE I 
Dissociation Constants of Some Purine Bases Determined from Spectral Data 


Substance 
8-Hydroxy-7-methylguanine...................... 0.1, 8.6, 11.4 


* These values are approximate. 


separation, in butanol-formic acid, of the product from the starting ma- 
terial. 

Limitations of Procedure—Experiment showed that substances less basic 
than xanthine, such as uric acid and the methylated uric acids, were not 
retained on the Dowex 50 column in detectable amount. Also, those purine 
derivatives not precipitated by acid silver nitrate, such as 3-methylxan- 
thine and purine nucleosides, were not detectable on paper chromatograms 
when added to urine specimens before processing in amounts equiva- 
lent to 2 mg. per 24 hour urine collection. This behavior may be gen- 
eral for purines substituted in the 3 or 9 positions if these, as seems likely, 
parallel the pteridines (21) in the effect of substitution on the solubility 
of their metal complexes. To test further the scope of the work, vari- 
ous synthetic purine derivatives were added in an amount simulating an 
excretion level of 2 mg. per day to “artificial urine”? mixtures (22) contain- 
ing 10 mg. per day of hypoxanthine, 5 mg. per day each of xanthine and 
7-methylguanine, and 1 mg. per day of adenine. These synthetic purine 
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derivatives were N®*-methyladenine, 2-methyladenine, 1 ,7-dimethylgua- 
nine, 8-hydroxyguanine, 2,6-diaminopurine, 7-methy]-2 ,6-diaminopurine, 
purine, isoguanine, 2-hydroxypurine, 8-hydroxypurine, 8-hydroxy-2-amino- 
purine, 8-hydroxy-6-aminopurine, and 2,8-dihydroxyadenine. After the 
artificial urines had been processed in the usual manner, all of the purines 
listed were found on the two-dimensional paper chromatograms, except 
2 ,8-dihydroxyadenine and 8-hydroxyguanine, which were not detected. 
The loss of these substances may have resulted from their observed ex- 
tremely low solubility in hot dilute hydrochloric acid. 

Source of Authentic Comparison Compounds—Xanthine, guanine, adenine, 
uric acid (Eastman Kodak), hypoxanthine (Schwarz Laboratories, Inc.; 
purified to remove adenine), isoguanine, 2 ,6-diaminopurine (H. M. Chemi- 
cal Company, Ltd.), and purine (Francis Earle Laboratories) were com- 
mercial products. We are greatly indebted to Dr. G. B. Elion and Dr. 
G. H. Hitchings (Wellcome Research Laboratories) for synthetic specimens 
of 1-methylguanine (23), N?-methylguanine (24), 1-methylhypoxanthine; 
7-methylxanthine (25), 1,7-dimethylxanthine (25), 1,7-dimethylguanine, 
N?-ethylguanine, N*®-methyladenine, N*-ethyladenine, 3-methylxanthine, 
7-methyl-2 ,6-diaminopurine, and 2-amino-8-hydroxypurine; to Dr. A. 
Bendich (Sloan-Kettering Institute) for specimens of 2 ,8-dihydroxyadenine, 
8-hydroxyguanine, 2-hydroxypurine, 8-hydroxypurine, 2-aminopurine, 
and 8-hydroxy-6-aminopurine; to Dr. J. J. Fox (Sloan-Kettering Insti- 
tute) for a specimen of 7-methylhypoxanthine; to Sir A. R. Todd (Cam- 
bridge University) for specimens of 2-methyladenine and 2-methylhy- 
poxanthine; to Dr. A. A. Christman (University of Michigan) for methyluric 
acid specimens synthesized by the late Dr. H. Bilz; and to Dr. E. A. John- 
son (National Institute for Medical Research, London) for a specimen of 
]-methylxanthine. 


RESULTS AND DISCUSSION 


Two-Dimensional Paper Chromatogram—The spots observed on a two- 
dimensional paper chromatogram of a typical normal urine concentrate 
are shown in Fig. 1. Hypoxanthine, xanthine, and 7-methylguanine are 
prominent spots. Adenine and 8-hydroxy-7-methylguanine are of inter- 
mediate strength. Guanine, 1-methylguanine, N?-methylguanine (2- 
methylamino-6-hydroxypurine), 1-methylhypoxanthine, and the unknowns 
designated Spots S, V, W, and Z are relatively faint. 1-Methylxanthine, 
7-methylxanthine, and 1,7-dimethylxanthine (paraxanthine), usually 
present as large spots on the chromatograms of individuals whose diets 
are unrestricted, are generally absent on abstinence from coffee, tea, choco- 
late, and cola drinks. The dietary origin of these methylated xanthines 1s 
well documented (26, 27). 


2 Elion, G. B., Lange, W. H., and Hitchings, G. H., to be published. 
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Identification of the substances represented by the spots is based on 
comparison of four properties with those of the corresponding authentic 
compounds: ultraviolet spectra, Ry values in paper chromatographic sys- 
tems, movement on an ion exchange column, and behavior with nitrous 
acid. Each of these criteria will be considered in turn. The structure of 
8-hydroxy-7-methylguanine, a compound not previously reported, follows 


START BUTANOL - FORMIC ——? 


XA 


8- HYDROXY - 
7- METHYLGUANINE I- METHYL- 


INE 
,7-DIMETHYL- 4 


XANTHINE 
ADENINE O 5 10 CM. 


Fic. 1. Two-dimensional paper chromatogram of a normal urinary purine concen- 
trate. The spots are outlined as they appear under ultraviolet illumination. The 
shaded areas represent regions of strong fluorescence. The unknown substance 
labeled Spot Z is probably not a purine. The spots for 1-methylxanthine, 7-methyl- 
xanthine, and 1,7-dimethylxanthine (paraxanthine) are not observed when coffee, 
tea, chocolate, and cola drinks are eliminated from the diet. 


XANTHINE 
< GUANINE 
2 7-METHYLGUANINE 
_I- METHYL GUANINE 
HYL- 
HYPOXANTHIN 


from elementary analysis, spectral analogies, and degradation to sar- 
cosine and guanidine (3). An account of the isolation and characterization 
of this compound is reserved for a future report. 

The ultraviolet-absorbing substances of Fig. 1 can also be demonstrated 
to be present in a concentrate prepared by precipitation with cupric bisulfite 
(28), another reagent rather specific for purines. Heating for 1 hour at 
100° of a urinary purine concentrate, prepared in the usual way and con- 
taining 1 m hydrochloric acid, fails to change the pattern obtained on 
paper chromatography, indicating that none of the ultraviolet-absorbing 
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substances is readily hydrolyzable. Staining of the usual two-dimensional 
paper chromatogram for the presence of amino acids with ninhydrin re- 
veals one faint spot near the origin, but none of the spots visible in the 
ultraviolet react positively. Spraying with diazotized sulfanilic acid in 
sodium carbonate solution gives orange-pink colorations with the spots for 
xanthine, guanine, and N?-methylguanine of the same shades as those given 
by the authentic compounds. A diffuse intense yellow area is delineated 
by this reagent, which runs somewhat more slowly than guanine in both 
solvents; it is also observed when synthetic guanine, adenine, xanthine, and 
hypoxanthine are chromatographed, and is thought to be caused by traces 
of decomposition products. 

Spots S, V, and W are presumed to be purines from their ultraviolet 


T 


230 260 


RELATIVE OPTICAL DENSITY 


290 230 260 290 
WAVE LENGTH 

Fic. 2. Comparison of the ultraviolet spectra of guanine at pH 2.1 (A) and pH 
9.0 (B) and of adenine at pH 2.1 (C) and 9.0 (D), as determined on authentic speci- 
mens (curves) on eluates from two-dimensional paper chromatograms of urinary 
concentrates O, and on larger specimens obtained from urinary concentrates by ion 
exchange chromatography @. 


absorption, from their precipitability by silver or cuprous ions, and from 
their behavior on the Dowex 50 column, but these have not yet been 
identified. Spot Z, which shows only end absorption in the ultraviolet 
region at pH 2 and has an absorption maximum at pH 9 at 230 may, is ap- 
parently not a purine. The considerable number of strongly fluorescing 
spots on the chromatograms have not been investigated, except for the 
finding that their ultraviolet absorption is small. Some of these may be 
pterins. 

Ultraviolet Spectral Comparisons—Fig. 2 shows the agreement with 
authentic specimens of the spectrum of urinary guanine, typical of spots 
near the limit of detection (approximately 3 y of substance on the two- 
dimensional chromatograms), and of urinary adenine, representing 4 
medium spot (12 y). It will be seen that for adenine the two-dimensional 
chromatogram eluates give a quite adequate spectrum. For substances 
present in amounts greater than adenine, the correspondence is of course 
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TaBLeE II 


Ultraviolet Absorption of Purine Bases from Urine and of Authentic 
Compounds Used for Comparison 


All extinctions are relative values, based on the maximal extinction at pH 2, 
taken as unity (100 per cent). 


pH 2.08 pH 9.00 
Substance and source*® Extinction at Extinction at 
wave length, my wave length, mug 
Amax Emax Amax /|Emax 
240 | 260 | 280 240 | 260 | 280 
Hypoxanthine........... U | 248.5 | 100 | 82 | 71 | 4 | 254.5 | 95 | 62 | 89; 9 
A | 248.5 | 100 | 81 | 71 | 5 | 255 96 | 60 | 91 | 10 
1-Methylhypoxanthine. .| U | 249.5 | 100 | 78 | 75 | 10 | 254.5 | 93 | 62 | 87 | 19 
- ..|A | 249.5 | 100 | 77 | 75 | 10 | 254.5 | 93 | 60 | 88 | 19 
Xanthine........ U | 266.5 | 100 | 27 | 87 | 49 | 240.5 | 83 | 83 | 51 | 83 
276.5 | 86 
e A | 266.5 | 100 | 28 | 87 | 49 | 240.5 | 82 | 82 | 52 | 86 
276.5 | 89 
PN dion eee eens U | 262 100 | 41 | 99 | 35 | 260.5 | 99 | 42 | 99 | 17 
A | 262 100 | 41 | 99 | 36 | 261 97 | 41 | 97 | 18 
Pere | a 100 | 83 | 72 | 58 | 246.5 | 83 | 76 | 62 | 59 
2737 65 273.5 | 71 
ee 100 | 82 | 70 | 58 | 246 82 | 74 | 61 | 58 
273T 64 274 70 
1-Methylguanine.......|U_ | 250.5 | 100 | 71 | 78 | 63 | 249.5 | 92 | 75 | 74 | 69 
273T 69 2747 =| 75 
” A | 250 100 | 73 | 79 | 65 | 249.5 | 94 | 76 | 75 | 70 
273T 70 272t | 76 
7-Methylguanine.......|U | 250 100 | 78 | 78 | 61 | 2457 | 54 | 55 | 39 | 70 
275t 66 280 70 
N*-Methylguanine....... U | 251 100 | 72 | 75 | 50 | 245.5 | 87 | 78 | 54 | 58 
280t 50 280 58 
” .......| A | 250.5 | 100 | 74 | 74 | 50 | 246.5 | 89 | 80 | 55 | 59 
280T 50 279 59 
“Nitroso’’-N?-Methy]l- 
eee 100 | 79 | 95 | 55 | 243 ~=|128 |126 | 86 | 64 
292T 62 | 76 
“Nitroso’’-N2-Methyl- 
guanine..............| AJ | 244 100 | 79 | 93 | 54 | 243 =|119 |116 | 79 | 64 
290T 59 270t | 71 
8-Hydroxy-7-methyl- 
GS s Vwi encase cts U | 248 100 | 85 | 74 | 61 | 248.5 | 80 | 74 | 67 | 72 
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TaBLeE II—Concluded 


pH 2.08 pH 9.00 
Substance and source® Extinction at Extinction at 
240 | 260 | 280 240 | 260 | 280 
mu | cent | cent | cent| | cemt | cont | cont pond 
1-Methylxanthine....... U | 267 100 | 31 | 87 | 52 | 242.5 | 75 | 74 | 57 | 82 
276 86 
eertanieed teers, A | 266 100 | 37 | 91 | 53 | 242.5 | 71 | 69 | 54 | 82 
276 85 
i Eos ee ee ke At | 267 100 | 29 | 87 | 51 | 242.5 | 73 | 71 | 56 | 82 
276.5 | 86 
7-Methylxanthine....... U | 268 100 | 33 | 81 | 63 | 286.5 | 73 | 43 | 33 | 69 
sieht re ee wer A | 268 100 | 27 | 81 | 61 | 286 74 | 39 | 32 | 70 
Pee ny api Sas Ut | 268.5 | 100 | 28 | 81 | 61 | 285.5 | 73 | 40 | 32 | 70 
1,7-Dimethylxanthine...| U | 268 100 | 26 | 81 | 64 | 281 71 | 40 | 35 | 70 
“30 ...| A | 268.5 | 100 | 30 | 81 | 62 | 280.5 | 70 | 41 | 40 | 70 


* U denotes the specimen derived from urine, and A denotes the authentic speci- 
men. 

t These values are approximate, usually representing points of inflection. 

t These specimens were derived from nitrous acid treatment of the corresponding 
methylguanines. 


even better. Eluates from the two-dimensional chromatograms for 
guanine (Fig. 2) and the other weakest spots give recognizable spectra, as 
shown, but for accurate comparisons more concentrated solutions are re- 
quired. Accordingly, the final spectral comparisons have been made in all 
cases on fractions obtained in chromatography with Dowex 50, purified 
further by paper chromatography. 

A summary of part of the spectral data obtained with the urinary purine 
bases and a comparison with the data for authentic compounds appear in 
Table II. The detailed spectrum of N?-methylguanine (2) and a compari- 
son (1) of the spectrum of urinary 7-methylguanine with data in the litera- 
ture for a synthetic specimen (29) have appeared in preliminary reports. 
The detailed spectrum of synthetic 1-methylguanine, which has not pre- 
viously been published, appears in Fig. 3. 

Comparisons by Paper Chromatography—In Table III, the Ry values on 
paper chromatography in four solvents of the purines separated by two- 
dimensional paper chromatography of the urinary concentrate are com- 
pared with those of authentic specimens where available. The R,- values 
of a number of other synthetic purines, examination of many of which was 
originally motivated by their possible identity with urinary purines, are 
given in Table IV. 
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Comparisons by Ion Exchange Chromatography—Most of the purines in 
the urinary concentrate are resolved by a Dowex 50 column developed 
with dilute hydrochloric acid, as shown in Fig. 4. All the purines indica- 
ted on the two-dimensional paper chromatograms have been located as 
single peaks or in mixed peaks on the column. Their positions on the 
column correspond with those of the available authentic specimens, as 
shown in Table III. The positions on this column of some other syn- 
thetic purines have been determined (Table IV). 

Correlations from Reactions with Nitrous Acid—The only specimen of 
l-methylxanthine available contained approximately 50 per cent of xan- 
thine. Since no reliable spectral data for this substance are known (30), 
the identity of the purified 1-methylxanthine specimen was confirmed by 
deamination of synthetic 1-methylguanine with nitrous acid to give a 
comparison specimen of 1-methylxanthine. A comparison specimen of 


ITY 


LATIVE OPTICAL DENS 


220. 260300 
f WAVE LENGTH (Mp 

Fic. 3. Ultraviolet absorption spectrum of synthetic 1-methylguanine at various 
pH values. 


7-methylguanine proved difficult to obtain; therefore a specimen of this 
compound derived from urine was deaminated to 7-methylxanthine, a 
synthetic specimen of which was available for comparison. Nitrous acid 
treatment was applied also to N?-methylguanine. While a shift in ultra- 
violet absorption observed between pH 2 and 3 for the product makes its 
formulation as the expected (31) N?-nitroso derivative doubtful, the agree- 
ment in spectral properties and ultraviolet absorption between the products 
from the synthetic specimen and the specimen from urine further confirms 
their identity. The properties of the various nitrous acid products are 
summarized in Tables II and III. 

Additional Trace Substances—The borderline of detection of purines in 
the methods employed occurs at an excretion level of 0.2 to 0.5 mg. per 
day. A number of substances present in an amount which apparently 
approximates this level are occasionally, but not regularly, detected. Two 
will be mentioned. Spot E, which runs slightly faster in butanol-formic 
acid than N?-methylguanine, and at the same rate as this substance in 
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TaBLeE III 


Mobilities on Filter Paper and on Standard Cation Exchange Column of Purine 
Bases from Urine and of Authentic Compounds Used for Comparison 


Rp value in solvent 
Substance and source* "Soon 
Butanol- Borate, column 
ammonia acid pH 7" pH 9 
Hypoxanthine................. U 0.14 0.23 0.53 0.58 30 
A 0.14 0.24 0.52 0.58 31 
1-Methylhypoxanthine......... U 0.19 0.31 0.61 0.62 44f 
A 0.19 0.31 0.60 0.61 43 
U 0.03 0.18 0.43 0.57 20 
U 0.27 0.21 0.36 0.36 154 
U 0.09 0.10 0.38 0.38 89 
A 0.09 0.10 0.40 0.38 88 
1-Methylguanine............... U 0.14 0.15 0.42 0.39 104 
A 0.14 0.14 0.44 0.40 105 
7-Methylguanine............... U 0.13 0.13 0.37 0.46 109 
N?-Methylguanine............. 24g 0.21 0.22 0.45 0.44 97 
_A 0.21 0.22 0.47 0.43 97 
“Nitroso”’ -N?-methylguanine..| Ut | 0.04 0.43 
..| At | 0.04 0.43 
8-Hydroxy-7-methylguanine....}| U 0.09 0.14 0.26 0.32 60 
0.01 0.35 0.65 0.74 35T 
1-Methylxanthine.............. = 0.09 0.37 0.47 0.60 
At | 0.08 0.37 0.46 0.60 
7-Methylxanthine.............. U 0.07 0.24 0.49 
Ut | 0.07 0.24 0.49 0.62 
1,7-Dimethylxanthine.......... 0.24 0.49 
e A 0.24 0.49 0.63 66 


*U denotes the specimen derived from urine, and A denotes the authentic spec- 
imen. 

t This is an approximate value, determined by application of paper chroma- 
tography to the tubes of a mixed peak. 

t These specimens were derived from nitrous acid treatment of the corresponding 
methylguanines. 


butanol-ammonia, is barely visible on paper chromatograms of some nor- 
mal urine concentrates but appears somewhat more prominently on the 
chromatograms of some leucemic subjects. It has a spectrum resembling 
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that of guanine, with maximal absorption at 257 and 252 mu at pH 2 and 9, 
respectively. Spot Q, which has not been detected on two-dimensional 
chromatograms but has a mobility in the two solvents used intermediate 
between the mobilities of Spots V and W, has been isolated, in conjunction 
with Spot W, from tubes 34 to 37 in the Dowex 50 column (Fig. 4). It has 
maximal absorption at 285 my at pH 2.1 and at 290 my at pH 9.0. 


TABLE IV 


Mobilities on Filter Paper and on Standard Cation Exchange 
Column of Some Synthetic Purines 


Rr value in solvent 
Tube No., in 
Substance yp 50 

2-Methylhypoxanthine.....; 0.22 0.31 0.55 0.58 
0.19 0.28 0.60 0.62 
2-Methyladenine........... 0.34 0.28 0.36 0.40 
N*-Methyladenine......... 0.44 0.34 0.40 0.43 169 
N*-Ethyladenine........... 0.61 0.51 0.45 0.50 180 
3-Methylxanthine.......... 0.14 0.29 0.49 0.56 
Theophylline............... 0.35 0.53 0.59 
Theobromine............... 0.27 0.41 0.64 
N?-Ethylguanine........... 0.38 0.40 0.47 0.48 
1,7-Dimethylguanine....... 0.19 0.17 0.51 0.51 139 
2-Hydroxypurine........... 0.04 0.13 0.56 0.64 
8-Hydroxypurine........... 0.17 0.55 0.34 0.51 38 
2-Aminopurine............. 0.20 0.12 0.40 0.46 
2,6-Diaminopurine......... 0.10 0.14 0.20 0.21 178 
7-Methyl-2,6-diaminopurine, 0.05 0.16 0.34 0.36 171 
Isoguanine................. 0.04 0.10 0.41 0.43 116 
8-Hydroxy-2-aminopurine..| 0.08 0.07 0.27 0.35 54 
8-Hydroxy-6-aminopurine..| 0.19 0.20 0.30 0.36 72 
8-Hydroxyguanine.......... 0.02 0.07 0.20 0.25 37 
2,8-Dihydroxyadenine...... 0.00 0.06 0.08 0.19 


Natural Occurrence of Purine Bases—As will be shown in the following 
report (22), the purine bases described here are not dietary in origin, except 
for the methylated xanthines, but are endogenous human metabolites. 
The demonstration in urine of 1-methylguanine, N?-methylguanine, 8- 
hydroxy-7-methylguanine, and 1-methylhypoxanthine apparently repre- 
sents their first recorded occurrence in natural products. 

The presence of these unusual purine bases, as well as that of 7-methyl- 
guanine, in human urine remains unexplained for the moment. It may be 
pointed out in this connection that a number of less common purines have 
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been occasionally detected in other natural products. The genesis and 
function of these purines have not been adequately correlated with the 
more usual concepts of nucleic acid metabolism. In addition to the 
methylated xanthines of widespread occurrence in plants, examples include 
isoguanine, reported as a constituent of pig’s blood (32) and croton beans 
(33); purine, isolated as a riboside from mushrooms (34); and 2-methyl- 
adenine and 2-methylhypoxanthine, occurring in compounds of the vitamin 
Biz complex (35). Of special interest, because they bear close analogy to 
some of the purines of the present report, are the unidentified methylguan- 
ine isolated from sponges (36); 8-hydroxyguanine, found some time ago in 
the organism Microcosmos polymorphus (a sea squirt) in conjunction with 
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Fic. 4. Separation of the purines of a urinary concentrate by gradient elution 
chromatography on a column of Dowex 50 (40 ml. bed volume), developed with 
hydrochloric acid (2200 ml., concentration, increased linearly from 1.0 to 4.0 Mm; tube 
volume 12.0 ml.). 


uric acid (37); N®-dimethyladenine, a component of the mold antibiotic 
Puromycin (38); and N®-methyladenine, recently demonstrated in small 
amounts as a nucleic acid component in some strains of Escherichia coli 
(31). The improvements in methodology of recent years will no doubt 
eventually uncover many more examples. The biological significance of 
the urinary purine bases, as well as that of the other naturally occurring 
purines mentioned, affords an interesting object for study. 


It is a pleasure to acknowledge the valuable assistance of Mr. William 
Salmre in some of the experiments. The authors wish to thank Dr. Ger- 
trude B. Elion, Dr. G. W. Hitchings, and Dr. Aaron Bendich for discussions 
and criticism, and for generous gifts of synthetic purine specimens. 


SUMMARY 


Procedures are described which are suitable for the separation and identi- 
fication of the purine bases in individual specimens of human urine. The 
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purine bases are absorbed from the acidified urine on Dowex 50 and are 
eluted with ammonia, thus removing salts, uric acid, urea, and other 
organic substances. Precipitation by acid silver nitrate separates the 


B. WEISSMANN, P. A. BROMBERG, AND A. B. GUTMAN 421 


purines from creatinine and amino acids. The resulting purine concentrate 
is separated by two-dimensional paper chromatography or ion exchange 
chromatography. The purines are identified by comparison with authentic 
specimens by means of their ultraviolet absorption, their movement on 
paper chromatograms, their behavior on an ion exchange column, and their 
reaction with nitrous acid. 


By means of these techniques, 1-methylguanine, N?-methylguanine, 


1-methylhypoxanthine, and 8-hydroxy-7-methylguanine are demonstrated 
in normal human urine, representing their first recorded occurrence in 
natural products. The other purine bases identified include guanine, as 
well as hypoxanthine, xanthine, adenine, and 7-methylguanine, long known 
as urinary constituents. 1-Methylxanthine, 7-methylxanthine, and 1,7- 
dimethylxanthine (paraxanthine) are found to be present in the urine only 
after intake of coffee, etc., also in agreement with the older literature. 
Three purine like substances regularly detected in normal urine remain 
unidentified. 
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Department of Medicine, Columbia University College of Physicians 
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(Received for publication, May 16, 1956) 


Earlier attempts to estimate the quantity of individual purines, other 
than uric acid, excreted in urine were hampered by the cumbersome nature 
and erratic performance of the older precipitation methods (3, 4), and the 
unknown specificity of colorimetric methods (5) when applied to mixtures 
as complex as urine. Especially in the light of the work described here, it 
may be considered that the quantitative data of the older literature have 
no current value. 

In the present study, the methods for separation and identification of the 
purine bases of human urine described in the preceding report (6) were 
adapted to the semiquantitative estimation of these substances in individ- 
ual urine specimens. The precision of the methods used was evaluated by 
recovery experiments. The effects of diet on urinary excretion of the 
purine bases, variations in excretion with time, and individual variations in 
excretion were investigated. The endogenous source of the urinary purine 
bases indicated by the dietary studies was confirmed by an isotope incor- 
poration experiment. 


Methods 


Procedures for Estimation—The preparation of urinary purine concentrates, 
the separation of the purines by two-dimensional paper chromatography, 
and the application of ultraviolet spectrophotometry to the eluates of the 
spots have already been described in the preceding communication (6). 
Since complete spectra at pH 2 and pH 9 obtained for the spots found on 
the chromatograms of three different individuals showed no significant 
departure from the findings already described, further spectrophotometric 
measurements were limited to a list of wave lengths characteristic of each 


*This work was supported in part by a grant (No. A-162) from the National Insti- 
tute of Arthritis and Metabolic Diseases, National Institutes of Health, and by a 
grant from the New York Chapter of the Arthritis and Rheumatism Foundation. 
Some of the results have appeared in preliminary reports (1, 2). 
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substance. In Table I, the second column lists the absorption maxima 
which were used for quantitative determinations. Absorption was also 
measured approximately 5 my above and below this wave length to verify 
the position of the peak. The third column gives a list of specific extine- 


TABLE I 


List of Selected Wave Lengths and Extinctions for Identification and 
Quantitative Estimation of Urinary Purine Bases 


Amax® Emax* Ratio of lengths (my), as 
my 
Hypoxanthine............. 249 0.78 | 265:249, 0.50 
Xanthine................. 266 0.64 | 240:266, 0.28; 2407: 266, 0.82; 2771: 266, 
0.89 
7-Methylguanine.......... 250 0.62 | 275:250, 0.66; 2507:250, 0.54; 
2807: 2507, 1.35 
8-Hydroxy-7-methyl- 
293 0.61 | 248:293, 1.14; 270:293, 0.52 
262 0.93 | 240:262, 0.41; 270:262, 0.85 
248 0.69 | 270:248, 0.64; 293:248, 0.23 
1-Methylguanine.......... 250 0.70f | 275:250, 0.69; 2507:250, 0.94; 
280 :250T, 0.74 
N?-Methylguanine......... 250 0.74 | 260:250, 0.74; 280:245, 0.54 
1-Methylhypoxanthine....| 250 0.70f | 265:245, 0.60 
WES 270T 0.70f | 240T:270f, 0.22 
259 0.70f | 245:259, 0.63 
1-Methylxanthine......... 276T 0.70f | 245¢:276f, 0.81; 255t:276f, 0.63; 
2857 :276f, 0.79 
7-Methylxanthine......... 268 0.60 | 250:268, 0.44; 2867: 268, 0.74; 2687: 268, 
0.49 
1,7-Dimethylxanthine..... 268 0.53 | 250:268, 0.44; 2687: 268, 0.57; 2817: 268, 
0.70 


* These absorption maxima and specific extinction coefficients (1 cm., 1 mg. per 
cent) were used for quantitative determinations. For the sources of the extinction 
coefficients used, see the text. 

t These were measured at pH 9.0; all other values given were measured at pH 2.1. 

t This is an arbitrarily chosen value; see the text. 


tion coefficients. These were taken from the literature in the cases of 
hypoxanthine (7), adenine (7), guanine (7), xanthine (8), 7-methylxanthine 
(8), 1,7-dimethylxanthine (8), N?-methylguanine (9), and 7-methylguanine 
(10). That of 8-hydroxy-7-methylguanine was measured for the present 
work. For the other substances, of which adequate samples of assured 
purity were not available, an arbitrary value of 0.70 was assumed to permit 
expression of results in mg. This assumed value, it will be noted, is similar 
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in magnitude to the known values for the other substances. The wave 
length ratios listed in the last column were chosen as characteristic of the 


TABLE II 


Replicate Determinations of Purine Bases in Urine Specimen and 
Recovery of Purines Added to Artificial Urine 


Pe. Recovery of purines from artificial urine 
Experiment 1° Experiment 2 
Substance 
Run 1/Run 2 /Run 3 Recovery Recovery 
added | artificial |Chromatos-| added, | artificial 
— step only | estimation —— 
fer ee fe a per cent percent | mg. per day | mg. per day 

Hypoxanthine..| 7.5 | 7.4 | 7.4 | 10 81 85 11.2 10.6 
Xanthine....... 6.2 | 5.5 | 5.9 7 73 74 4.9 1.7 
7-Methyl- 

guanine...... 4.3 | 4.5 | 4.4 7 80 5.7 5.0 
8-Hydroxy-7- 

methyl- 

guanine...... 1.3 {| 1.1] 1.3 1.5 35 66 1.2 0.2 
Adenine........ 0.6 | 0.9 | 0.9 2 76 77 1.6 1.5 
Guanine........ 0.3 | 0.3 | 0.4 1 90T 76 | 0.4 0.5 
1-Methyl- 

guanine...... 0.3 | 0.5 | 0.5 0.3 0.5 
N?-Methyl- 

guanine...... 1 52 0.5 0.4 
1-Methylhypo- 

xanthine...... 0.5 | 0.8 | 0.6 1 71 0.3 0.3 
1.1) 1.4] 1.1 1.3 1.1 

0.3 | 1.1 | 0.9 0.5 0.6 

0.6 | 0.8 | 0.6 0.2 0.2 


*1-Methylxanthine, 7-methylxanthine, and 1,7-dimethylxanthine, added to ar- 
tificial urine in an amount simulating an excretion of 2 mg. per day each, were re- 
covered in 79, 70, and 51 per cent amount. 

{Such values are within the limits of variability observed at excretion levels 
below 1 mg. per day. 


substances and for their suitability in distinguishing between substances 
forming adjacent spots. 

Reproducibility—Data illustrating the reproducibility of the method are 
given in Table II. It will be noted that substances which appear as siza- 
ble, well defined spots, hypoxanthine, 7-methylguanine, and 8-hydroxy-7- 
methylguanine, give quite concordant results, The order of agreement 
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suggested for xanthine by Table II is not regularly maintained; variations 
as large as 50 per cent were at times observed. This spot, while sizable, 
frequently smears and is also made difficult to locate by interfering fluo- 
rescences. Spot W and some of the smaller spots (less than 1 mg. per day) 
are frequently difficult to localize accurately, and the results obtained for 
them are qualitative (see Table II). 

Recovery Experiments—Purine bases, in amounts measured spectro- 
photometrically, were added to an artificial mixture which contained the 
better known components of urine. This was then processed precisely as 
described for urine. <A simulated 24 hour collection of the “artificial urine” 
contained 13 gm. of sodium chloride, 3 gm. of ammonium chloride, 2 gm. 
of magnesium chloride, 1 gm. of calcium chloride, 7 gm. of disodium hy- 
drogen phosphate, 2 gm. of sodium sulfate, 30 gm. of urea, 1 gm. of creati- 
nine, 0.7 gm. of hippuric acid, 0.2 gm. of glycine, 0.2 gm. of histidine, 0.05 
gm. of tyrosine, 0.05 gm. of lysine, 0.02 gm. of cystine, and 0.50 gm. of 
uric acid. The purines added in various experiments were commercial 
samples of adenine, guanine, xanthine, and hypoxanthine, synthetic speci- 
mens of 1-methyl- and N*-methylguanine, 7-methyl- and 1,7-dimethyl- 
xanthine, and 1-methylhypoxanthine, kindly supplied by Dr. G. B. Elion 
and Dr. G. H. Hitchings of the Wellcome Research Laboratories, as well 
as samples of 1-methylxanthine, 7-methylguanine, and 8-hydroxy-7- 
methylguanine, isolated from urine in column chromatography (6). The 
results of this type of experiment, illustrated by Experiment 1 in Table II, 
showed that reasonable recoveries of most of the purine bases were ob- 
tained in the procedure used. A notable exception was 8-hydroxy-7- 
methylguanine. The losses occurring in the paper chromatography step 
alone were evaluated by application of known purine mixtures to filter 
paper, which was then treated as in the usual procedure. The paper chro- 
matography losses (Experiment 1, Table II) accounted for most of the 
losses observed for hypoxanthine, xanthine, adenine, and guanine. 

To assess the recovery of unknowns not available for addition and to 
take into account possible effects of coprecipitation, aliquots of urinary 
purine concentrates, of which the purine contents had already been assayed 
by paper chromatography, were added to artificial urine and the mix- 
tures were processed again. The recoveries were compared with the 
original determination; a representative experiment appears as Experiment 
2, Table II. (Losses in paper chromatography and elution presumably 
contributed to the first and second determination equally, and were not 
measured in this type of experiment.) The reprocessing experiments in 
general confirmed the results of the addition experiments. They showed 
only small losses for any of the purines except 8-hydroxy-7-methylguanine 
or xanthine. That the loss of xanthine is apparently much larger in some 
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of the reprocessing experiments than in the addition experiments is not 
clearly understood. 

Because of the low recovery of 8-hydroxy-7-methylguanine, a compound 
of special interest, the dependence of the recovery of this substance on the 
amount present was investigated. A purine concentrate from a normal 
urine specimen, which was found to contain 1.6 mg. of 8-hydroxy-7-methy]- 
guanine per day according to the procedure regularly employed, was added 
to artificial urine and processed again. ‘The recovery was 0.2 mg. per day. 
However, varying amounts of the compound added to aliquots of this 
same urine concentrate before processing again were recovered in quan- 
tities quite consistently approximating 60 per cent. The paper chroma- 
tography step alone, tested separately, gave a recovery of about 65 per 
cent, also independent of amount. It may be concluded that an uncor- 
rected excretion of 1.0 mg. per day of 8-hydroxy-7-methylguanine cor- 
responds to an actual excretion of 3 mg. per day, an apparent excretion of 
1.6 mg. per day corresponds to about 4 mg., and an apparent excretion of 
4 mg. per day corresponds to about 8 mg. Despite the complex relation- 
ship between the recovery of this compound and its amount, perhaps re- 
sulting from the solubility of its silver nitrate salt, it will be noted that the 
reproducibility of replicate determinations of this compound is quite good. 

In a limited number of experiments, acid silver nitrate precipitation for 
segregation of the purine bases was replaced by the use of cupric bisulfite 
orammoniacal silver ion. The recoveries were in no cases larger, and were 
usually smaller, than with acid silver nitrate. 

While the foregoing information has proved useful as a guide to the rela- 
tionship between the results obtained by the procedure used and the actual 
excretion values, no attempt has been made to correct any of the results 
given in this report for losses. _ 

Description of Diets—The low purine, meat-free diet employed in these 
studies contained 60 gm. of protein daily, taken chiefly as milk, cheese, and 
egg; coffee, tea, chocolate, and cola drinks were excluded. Caffeine (600 
mg. per day) was added to this diet in one series of experiments. In one 
experiment, the diet was restricted to glucose, 100 gm. daily, and water. 
In another, an antibiotic regimen of appropriate doses of neomycin and 
succinylsulfathiazole was instituted to reduce the intestinal flora (11). 
Urine specimens were collected during the interval 48 to 72 hours after 
the start of each diet, except for the low purine, meat-free diet, in which 
the collection period is specified. 

Isolation of Purine Bases for Isotope Experiments—In a_ preliminary 
experiment incidental to some studies on incorporation of glycine-N'* into 
uric acid in polycythemia,! specimens of purine bases were isolated, purified, 


‘Complete data to be published elsewhere. 
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and examined for isotope content after a patient with polycythemia vera 
had been fed glycine-N!* (7 gm. of glycine, 60 per cent excess N'5). Half 
of the urine sample for Days 1 through 4 following dosage (specimen I) was 
pooled, as was half of the urine collection for Days 11 through 14 (specimen 
II). Purine concentrates were prepared from the two specimens, and the 
concentrates were separated on Dowex 50 chromatographic columns (6), 
The fractions representing xanthine, hypoxanthine, 8-hydroxy-7-methyl- 
guanine, 7-methylguanine, and adenine were evaporated to dryness in vacuo 
and purified further as described. 


TABLE III 


Ultraviolet Absorption and Nitrogen Analysis of Purines 
Isolated in Isotope Experiments 


Preparation I Preparation IT Values from literature 
Substance Nitro- Nitro- Nitro- | Refer- 
é€max en _ | Xmas €max en €max gen ence 
mp per cent mp per cent my per cent 
Xanthine.......... 267 9.4) 34.9 | 267 9.9 36.9 | 267.5) 9.7) 36.8 | (8) 
Hypoxanthine*....| 249 | 10.3) 249.5 10.8) Tt 249.5) 10.7 (14) 
8-Hydroxy-7- 
methylguanine...| 248 | 10.8) 37.9 | 248 | 10.9) 37.8 | 248 | 11.1) 38.7 t 
293.5, 9.3 293 9.5 293.5) 9.7 
7-Methylguanine...| 249.5; 10.0 40.3 | 249.5, 10.0; 43.8 | 250 | 10.3) 42.4 | (10) 
Adenine........... 261.5) 13.6 T 261.5! 12.9) fT 262.5, 13.4 (14) 


* The absorption maxima and molar extinction were measured at pH 6.1 in the 
case of hypoxanthine. The other values were measured at pH 2.1. 

t The ultraviolet measurements were made on solutions assayed by nitrogen 
analysis. 

t Values given for this compound (Weissmann, B., and Gutman, A. B., to be 
published) were those determined on a non-isotopic analytical sample (2). 


The crude xanthine was precipitated from dilute ammonium hydroxide 
by acetic acid, precipitated as the cuprous salt (12), regenerated with 
hydrogen sulfide, and finally precipitated from dilute sodium hydroxide by 
acetic acid, yielding colorless preparations (6 mg. and 5 mg.). Hypoxan- 
thine was precipitated as the argentipicrate (13) and regenerated by heat- 
ing with 0.1 m hydrochloric acid. Picric acid was removed by exhaustive 
extraction with toluene and ether, and the hypoxanthine in solution was 
determined by nitrogen analysis (micro-Kjeldahl, 9 mg. and 4 mg.). & 
Hydroxy-7-methylguanine was purified by solution in minimal hot 6 ™ 
hydrochloric acid and precipitated by dilution with 5 volumes of water 
(yield, 10 mg. and 8 mg.).  7-Methylguanine was purified by precipitation 
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(pH 9) from dilute hydrochloric acid by excess ammonia (yield, 8 mg. and 
9 mg). Adenine was purified by precipitation as the picrate from dilute 
acid solution, and was regenerated by extraction of picric acid by toluene 
and ether from strong hydrochloric acid solution. The adenine in solu- 
tion was determined by nitrogen analysis (1.2 mg. and 3 mg.). 

In Table III, the absorption maxima and molar extinction coefficients 
of the isolated purine bases, as well as the nitrogen analyses in the case of 
the solid preparations, are compared with those from the literature. In 
each case, Preparation I is derived from specimen I, and Preparation ITI 
from specimen II. The solid preparations were dried in vacuo for 30 
minutes at 140°. The homogeneity of the preparations with respect to 
purine content was further verified by comparison of their detailed ultra- 
violet spectra at several pH values with those of authentic specimens, and 
by application of paper chromatography. ‘The isotope ratio of the nitro- 
gen gas derived from each specimen (15) was determined in a 60° mass 
spectrometer. 


Results 


Effects of Diet and Intestinal Sterilization on Urinary Purine Base Excre- 
tion—In Table IV, data are presented which show the urinary purine 
excretion of a single normal adult male subject under diverse dietary condi- 
tions at various times. Omitting from consideration the methylxanthines, 
it is seen that, except for the inaccurately measured small components and 
xanthine, not always reliably measured, the urinary excretion of the 
individual purines showed only relatively small variations with diet 
and time. In agreement with expectation from the older literature (16), 
output of 1l-methyl-, 7-methyl-, and 1,7-dimethylxanthines rapidly fell 
below detectable limits when coffee, tea, chocolate, and cola drinks were 
avoided, and reappeared when caffeine was administered. It will be noted, 
however, that administration of caffeine or intake of coffee, etc., did not 
affect the output of the methylated guanines or of the purine bases other 
than methylated xanthines. The protein intake was drastically reduced 
in changing from the unrestricted to the low purine, meat-free diet, a 
circumstance well known to decrease urinary uric acid output, but this did 
not apparently affect the urinary purine bases. The output of these sub- 
stances was also not decreased on a diet restricted to glucose. The pos- 
sibility that the purine bases might originate in the bacterial flora of the 
intestinal tract was minimized by the results found with the antibiotic 
regimen (Table IV). Not shown in Table IV are the results of an ex- 
periment in which betaine (2 gm. per day) was added to the diet of normal 
subjects. Betaine, chosen as a possible source of the methyl groups in 
the urinary purines, was without effect on the quantity excreted. In 
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summary, no factors have so far been uncovered by the experiments which 
would lead to variations of purine base excretion in a normal individual, 
Individual Variations in Urinary Excretion of Purine Bases—In Table 
V is shown the urinary purine base excretion of nine normal adult male 


TABLE IV 
Urinary Purine Base Excretion of Single Individual 
All the values are expressed in mg. per day. 


Urinary excretion for diet and date specified 
Low protein, meat-free sci 
Unre- Glucose wn Unre- 
Substance stricted ith Caffeine only stricted 
7-21-54 | 7-24-54 | 7-27-54 |7-28-54) 7-30-54 | 10-14-54 | 4-15-55 | 1-28-56 
Hypoxanthine........... 7.7 | 10.6 | 11.1 | 9.2 9.4 10.5 | 6.8 9.3 
7.4 7.0 | 4.2 5.2 6.6 6.9 6.9 
7-Methylguanine.........; 7.2 7.3 | 6.2 | 5.4 6.8 5.3 | 6.2 7.4 
8-Hydroxy-7-methyl- 

1.6 2.0; 1.8 1.6 2.0 1.9 1.9 1.8 
1.5 1.6); 1.4/1.7 1.1 1.3 1.6 1.6 
0.6 0.4 0.4 0.3 0.4 0.6 
1-Methylguanine......... t T T 0.5 T T 0.3 t 
0.4 | 0.5 0.3 0.5 0.5 
1-Methylhypoxanthine...| 0.6 0.4; 0.2/0.6), 0.4 0.2 |} 0.3 0.5 
1.5 1.144 1.4 1.0 1.5 1.4 

0.4 0.5 | 0.7 0.8 0.4 0.4 0.3 0.4 
1-Methylxanthine........ § § § 69 § 
7-Methylxanthine........ § § § 18 § ° 
1,7-Dimethylxanthine....| * § § § 15 § ° 4 


* This substance was detected, but not estimated. 

t 1-Methylguanine was not resolved from 7-methylguanine in this run, and is re- 
ported with it. 

t The detection of this substance in some runs, not in others, probably reflects a 
change in the ultraviolet illumination, introduced after the start of the experiments. 

§ Not detected. 


subjects.2 These individuals were on a diet unrestricted except for avoid- 
ance of coffee, tea, chocolate, and cola drinks. Most of the individuals 
excreted no methylated xanthines on this diet. (The conspicuous excep- 
tions are believed to represent imperfect dietary control.) The variations 
in excretion of the other compounds ranged from 50 to 100 per cent. 


? The normal subjects were members of the laboratory and medical staff of The 
Mount Sinai Hospital, to whom we are greatly indebted for their cooperation. 
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1-Methylguanine was inadequately resolved from 7-methylguanine in 
about one-half of the paper chromatograms. In those cases, both among 
normal and diseased individuals, where resolution permitted measurement, 
the amount of 1-methylguanine was regularly about 10 per cent that of 
7-methylguanine. In the other cases, the extinction ratios for the 
7-methylguanine spot, which were quite sensitive to the presence of 
1-methylguanine (see Table I), showed an absence of any major amount of 


TABLE V 
Daily Urinary Excretion of Purine Bases for Normal Adult Male Subjects 
All the values are expressed in mg. per day. 


Urinary excretion 


Substance 


Q 
> 
Q 
> 
= 


D.L. | H.L. | W. M. 


“I Ww 


oO 


ooo 


Hypoxanthine..... 5.9 
Xanthine.......... 5.4 
7-Methylguanine*..| 5.5 
8-Hydroxy-7- 
methylguanine...| 1.1 
Adenine........... 1.1 
Guanine........... 0.2 
N*-Methylguanine.| 0.4 
1-Methylhypo- 
xanthine......... 


COD 
on oo 
bo or 


co 
DAAO 
awn 
m dow 


1-Methylxanthine. . 
7-Methylxanthine..| 1 
1,7-Dimethyl- 

xanthine......... t t t t 0.7| Tt tT t t 


ww Ww 
Nmoooc 


2 


* Includes 1-methylguanine, not resolved in many runs, approximately 10 per 
cent of the amount of 7-methylguanine in the cases measured. 
t None detected. 


the 1-methy] derivative; 7.e., reversal of the 7-methyl to 1-methy] ratio did 
not apparently occur in any of the cases examined. 

Incorporation of Nitrogen from Glycine-N'*—As seen in Table VI, incor- 
poration in the five urinary purine bases tested is greater for the early 
interval following dosage than that in uric acid, although for the later 
interval the purine bases and uric acid show comparable incorporation. 
Because of the presence of amino groups which may contain isotope in 
7-methylguanine, 8-hydroxy-7-methylguanine, and adenine, no inference 
may be drawn from the greater early incorporation in these than in hypo- 


1 
| 
9.1 7.4|9.7 
5.1 5.3 | 6.1 
5.8 6.4 | 6.5 
1.7 1.811.6 
1.3 1.2/1.4 
| 0.6 0.3 | 0.4 
0.4 0.5 | 0.5 
0.4 0.3 | 0.4 
0.7 | 0.7 
0.2/0.4 
4 
a 
4 
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xanthine, xanthine, and uric acid, which have no amino group. The dif. 
ferences observed between hypoxanthine, xanthine, and uric acid are, 
however, significant. The use of 4 day-pooled specimens, dictated by 
experimental conditions, and the limited data available do not permit a 
decision as to whether peak incorporation into the purine bases occurred 
during the first 4 day interval, as would appear most probable, or between 
the 4th and the 11th day. The peak incorporation into uric acid in this 
polycythemic subject occurred on the 16th day.! 


TABLE VI 


Isotope Content of Urinary Purines Isolated after Ingestion of 
Glycine-N5 by Human Subject 
Atom per cent N!5 excess 
Substance 
Days 1-4; pooled Days 11-14; pooled 
8-Hydroxy-7-methylguanine................... 0.139 0.118 
Tetal urimary 0.992 | 0.075 


DISCUSSION 


The absence of significant changes in urinary purine base excretion in the 
dietary experiments, especially with the glucose diet and with the anti- 
biotic regimen (Table IV), indicates that the purine bases originate neither 
from food intake nor from the bacterial flora of the intestine, but rather 
that they are endogenously produced in man. This conclusion is con- 
firmed, at least for 7-methylguanine, 8-hydroxy-7-methylguanine, adenine, 
hypoxanthine, and xanthine, by the finding that nitrogen from glycine-N® 
fed to a human subject is incorporated into these compounds (Table VI). 
While, because of availability of material, these preliminary isotope studies 
were carried out on a subject with polycythemia vera, the circumstance that 
these purines are also excreted normally leaves little doubt that they are 
also endogenous in normal individuals. 

One of the principal objectives in making a detailed study of normal 
urinary purine base excretion was to supply a background for examination 
of possible variations which may occur in diseased states. The important 
findings in this connection were the relatively small dietary and ind 
vidual variations in excretion found, and the minor variations with time. 
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Preliminary results’ showed that, in polycythemia vera, leucemia, and acute 
gouty arthritis, increases as large as 2-fold in excretion of 8-hydroxy-7- 
methylguanine may be observed, and that, in some cases of the first two 
diseases mentioned, increases well outside the normal range in excretion of 
Spot V, 1-methylhypoxanthine, and Spot S occur. Significantly decreased 
excretion of hypoxanthine and xanthine was noted in these two diseases 
and in interval gout. This work will be described in detail elsewhere. 

Demonstration of the endogenous origin of the 7-methylguanine in human 
urine disposes of the possibility, first proposed some 60 years ago (17), that 
this compound might derive from some unknown dietary component analo- 
gous to caffeine. The precise location in metabolism of the substance 
remains to be established, however. Further, the presence in human urine 
of small amounts of 1-methylguanine and N?-methylguanine and larger 
amounts of 8-hydroxy-7-methylguanine (approximately 4 mg. per day 
after correction for losses) focuses attention upon a possible metabolic 
role of the methylated guanines or their precursors. This possibility is 
enhanced by the increased output of 8-hydroxy-7-methylguanine noted in 
some diseases. 

It should be pointed out that, while the daily urinary excretion now found 
for the purine bases, ranging from 10 mg. per day for hypoxanthine to 0.4 
mg. per day for guanine, is much greater than previously estimated (3, 4), 
it is still far smaller than that of uric acid, the major catabolite of the nu- 
cleic acid purines in man (approximately 400 mg. per day). The urinary 
output of the methylated purines gives no indication of the amount turned 
over in the body, but it seems likely that this too is small. 

As to the biological significance of these apparently small body com- 
ponents, only speculation is possible from present information. One pos- 
sibility is that they represent methylation products, of no usefulness to the 
organism, of the more usual nucleic acid purine metabolites. A second 
possibility is that these substances, or their precursors, represent com- 
ponents of as yet unknown coenzymes, or minor components of nucleic 
acids of specialized function, or that they serve some other purpose which 
cannot at the moment be conjectured. 


The authors wish to thank Dr. T. F. Yii for generous cooperation in some 
of the medical aspects of this study. We are indebted to Dr. David Shemin 
for suggesting the betaine diet. The valuable assistance of Mr. William 
Salmre in later stages of the investigation is gratefully acknowledged. 


SUMMARY 


The techniques for identification of purine bases in human urine, de- 
scribed in the preceding report, are readily adapted to semiquantitative 


*Unpublished experiments in collaboration with T. F. Yi. 
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estimation of these compounds in individual urine specimens. A 60 to 
85 per cent recovery of the purine bases described was obtained, except for 
8-hydroxy-7-methylguanine, which was recovered in considerably smaller 
amounts. Replicate determinations agreed within 20 per cent for the 
more abundant substances. The results for trace substances were qualita- 
tive. 

Uncorrected mean values for the daily urinary excretion of nine normal 
adult males are, mg. per day: hypoxanthine 9.7, xanthine 6.1, 7-methyl- 
guanine 6.5, 8-hydroxy-7-methylguanine 1.6, adenine 1.4, guanine 0.4, 
l-methylguanine 0.6, N*-methylguanine 0.5, 1-methylhypoxanthine 0.4, 
The daily urinary excretion of the individual substances was found to vary 
over a 50 to 100 per cent range within thisnormal group, and over a 50 
per cent range in a single normal subject over an extended time interval. 
Larger changes in excretion of some of the substances were observed in 
certain diseases. 

The absence of significant changes in excretion with diet indicates an 
endogenous source of the substances in man. This was confirmed by iso- 
topic experiments which showed incorporation of nitrogen from glycine fed 
to a human subject into all of the urinary purines tested. 

The possibility that some of these purine bases, or their precursors, may 
have an as yet undiscovered function in human metabolism is considered. 
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MANOMETRIC ASSAY AND COFACTOR REQUIREMENTS 
FOR SERINE HYDROXYMETHYLASE* 


By F. M. HUENNEKENS, Y. HATEFI, ann L. D. KAY 


(From the Department of Biochemistry, University of Washington, 
Seattle, Washington) 


(Received for publication, April 6, 1956) 


The enzymatic conversion of serine to glycine and the reverse process 
have been shown to occur in a variety of avian (1-7), mammalian (8-16), 
and bacterial (17-20) tissues or tissue extracts. In almost all instances, 
sensitive tracer techniques, with C'*- or N!5-labeled substrates, have made 
it possible to study the reaction even though, in many instances, the net 
conversions were small. It has been indicated from these investigations 
that the B-carbon atom of serine is released as a coenzyme-bound C, unit! 
at the oxidation level of formaldehyde. In various systems, tetrahydro- 
folic acid (FH,), or a derivative of FH,, Mn+ ions, pyridoxal phosphate, 
diphosphopyridine nucleotide (DPN) and triphosphopyridine nucleotide 
(TPN) have been implicated as cofactors for the reaction. 

The present communication describes the preparation from beef liver of 
a soluble enzyme system, serine hydroxymethylase, which converts serine to 
glycine. The C, unit is oxidized in two steps to COze, thus enabling the 
over-all reaction to be followed conveniently in manometers. The require- 
ment for various cofactors in this system makes it possible to discuss the 
reaction mechanism, and provides information of value for the subsequent 
fractionation and study of individual enzymatic components of the over- 
all system. 


EXPERIMENTAL 


Materials—The materials were obtained from the following sources: re- 
duced glutathione (GSH) (Schwarz Laboratories); DPN, adenosine tri- 
phosphate (ATP), cytidine and guanosine triphosphates, and adenosine 
tetraphosphate (Sigma); uridine triphosphate (Pabst); pyridoxyl phos- 
phate, p- and t-serine from the California Foundation for Biochemical 


*Paper I in the series, ‘‘Folic acid coenzymes and active one-carbon units.”’ 
Supported by research grants from the Life Insurance Medical Research Fund and 
Eli Lilly and Company. 

‘The following abbreviations will be used: FH,, 5,6,7,8-tetrahydrofolic acid; 
PyP, pyridoxal phosphate; DPN, diphosphopyridine nucleotide; DPNH, reduced 
DPN; TPN, triphosphopyridine nucleotide; TPNH, reduced TPN; GSH, reduced 
glutathione; GSSG, oxidized glutathione; ATP, adenosine triphosphate; Pyo, pyo- 
cyanine; C,, a 1-carbon unit. 
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Research; and pyocyanine (Delta). FH, was prepared by catalytic hy.- 
drogenation of folic acid (21). Reduced homocysteine was prepared by 
sodium amalgam treatment of the oxidized material. Reduced DPN 
(DPNH) oxidase was prepared from pig heart (22), formaldehyde dehy- 
drogenase from beef liver (23), and formate dehydrogenase from peas (24), 

Methods—Serine and glycine were separated by means of ion exchange 
chromatography on Dowex 50 resin according to the method of Wall (25), 
and estimated by means of the ninhydrin method (26). 

Unless otherwise indicated, the manometric assay system consisted of 
the following components: 10 uwmoles of L-serine, 10 wmoles of GSH, 0.04 
pmole of pyridoxal phosphate, 1 umole of MnCl, 10 umoles of ATP, 0.75 
umole of DPN, 200 umoles of sodium phosphate buffer, pH 7.5, 0.05 ml. 
of 0.1 per cent pyocyanine, and sufficient water to make a total volume of 
2.8 ml. The center well contained 0.2 ml. of 5n NaOH. The bath tenm- 
perature was 38°, and the cups were gassed for 5 minutes with Oz and then 
equilibrated for 10 minutes with the stopcocks open, before the recordings 
were begun. All oxygen uptake values are corrected for the appropriate 
blanks without substrate. CO. was estimated by the ‘direct’? mano- 
metric method (27), wherein base is omitted from the center well of a 
duplicate set of manometers; at the end of the run, acid is tipped into the 
vessel to release 

Preparations—Acetone powder preparations of beef liver were prepared 
in the following manner: Fresh beef liver was homogenized for 1 minute in 
a Waring blendor with an equal amount (w/v) of cold 0.1 mM sodium phos- 
phate buffer, pH 7.5, and the homogenate was maintained at this pH by 
the dropwise addition of 30 per cent KOH. The homogenate was then 
poured into 5 to 10 volumes of acetone at —20° and filtered immediately 
through a Biichner funnel. The protein cake was dispersed in 2 volumes 
of acetone and refiltered. The solid material was removed from the funnel 
and quickly dried in air. The dry powder was passed through a fine sieve 
(32 meshes per inch) and stored at —20°, at which temperature it was 
stable for periods up to several months. 

The acetone powder was extracted at 0-5° for 45 to 60 minutes with 6 
volumes of cold 0.05 m sodium phosphate buffer, pH 7.5. After centrifu- 
gation the clear, reddish brown extract (Preparation A) was dialyzed for 
2 to 3 hours against a large volume of 2 X 107? m phosphate buffer, pH 
7.5, and was used, unless otherwise specified, as the enzyme source in all 
subsequent experiments. 

Further fractionation of the above extract has been accomplished by 
means of selective precipitation with graded amounts of acetone. Ace- 
tone at —20° was added slowly with stirring to Preparation A. Several 
fractions (0 to 45, 45 to 65, and 65 to 105 per cent, according to the volume 
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of acetone added to the original volume of extract) were collected by cen- 
trifugation and dissolved in cold, distilled water. In the presence of ace- 
tone, the enzyme solutions were kept always at temperatures below 0°. 
Nearly all of the serine hydroxymethylase activity was present in the 45 
to 65 per cent fraction, designated hereafter as Preparation B. Measured 
by the activity per mg. of protein, Preparation B represents approximately 
a 4-fold concentration over Preparation A. 

Both Preparations A and B are stable to freezing, will withstand pro- 
longed periods of dialysis? up to 24 hours, and can be stored conveniently 
as a lyophilized powder. 

Further purification of the complete system has not been achieved, owing 
to the complexity or lability of the components. For example, selective 
heat denaturation, in which the enzyme solution was held at 53° for 5 min- 
utes, completely inactivated some component of the beef liver system. 

The Dowex-treated enzyme was prepared as follows: 8 ml. of Prepara- 
tion A were stirred gently at 0° for 20 minutes with 3 gm. of Dowex 1 
resin (X-10, chloride form, 200-400 mesh). After this, the Dowex was re- 
moved by centrifugation, and the enzyme was dialyzed against 2 K 10-% 
mM phosphate buffer, pH 7.5, for 3 hours. 


RESULTS AND DISCUSSION 


Stoichiometry of Reaction—It is well established (5, 11, 13-15) that the 
C; unit is released from serine at the oxidation level of formaldehyde, as 
shown in Equation 1. The subsequent oxidation of the C; unit to CO2 
may be represented by Equations 2 and 3 


CH:—CH—COOH + H.0 = CH.—COOH + CH:(OH). (1) 
OH 

CH:2(OH):2 + 202 — CO: + (2) 

2H.0; — 2H:0 + (3) 


Equations 1 and 3 are catalyzed by serine hydroxymethylase and catalase, 
respectively. The nature of the C, unit released from serine (written here, 
for convenience, as free formaldehyde) and the C, intermediates and en- 
zymes encompassed in Equation 2 will be discussed subsequently in this 
paper. | 

It is seen that the two-step oxidation to CO: takes place according to 


? Preparation A becomes inactivated after relatively short periods of dialysis 
(greater than 3 hours) when DPN and ATP are used in the assay system. When 
these components are replaced by TPN (cf. Table IV), full activity is obtained, sug- 
gesting that the labile enzyme is the DPNkinase. 
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the net reaction shown in Equation 4 0% 
hy 

+ — CH,—COOH + CO; + (4) 

OH NH, NH; ws 

m 


Thus, each micromole of serine disappearing should consume 2 yatoms of ti 
oxygen and produce 1 umole each of glycine and CO:. 

The required stoichiometry for serine and glycine is illustrated by Ex- ou 
periments 1 and 2 in Table I. In Experiment 1, the disappearance of — W| 


serine with time was paralleled closely by the formation of equivalent [gl 
ta 

TABLE I ti 

Serine-Glycine Balance Studies bt 


Standard assay system, except that 20 umoles of serine were used. Serine and 
glycine were determined by subjecting aliquots (supernatant fluid after heat de- 
naturation) of the appropriate cups to ion exchange chromatography on Dowex 50 
columns (25). Duration of Experiment 2, 290 minutes. 


‘ment Conditions Serine Glycine uptake 
min. pmole pmoles patoms 
1 Complete system 55 —8.2 +7.8 15.0 p- 
170 —12.2 +11.6 21.3 
" a 300 —17.8 +19.2 30.0 G 
2 ~13.4 +13.0 20.8 

Less GSH 2 + 1.6 0.5 

“ DPN * +1.9 3.9 ac 
* Not determined. 
amounts of glycine. No other amino acids have been detected by ion be 
exchange analysis of the reaction mixtures, in contrast to the results of PY 
Wright (20), who found that glycine and other amino acids were formed in - 
the degradation of serine by the enzyme system from Escherichia col. ki 
As shown in Experiment 2, Table I, the omission of either DPN or GSH ” 
from the reaction mixture brought about a concomitant decrease in both fr 
the oxygen uptake and the amount of glycine formed. 
When fresh, highly active preparations of enzyme were employed, the P 
standard amount of substrate, 10 uwmoles, was oxidized completely, as ‘ 
shown by the fact that 20 vatoms of oxygen were absorbed. With aged, : ” 
or less active, preparations, however, the oxygen uptake ranged between | : 


15 and 20 watoms. The second step in Equation 2 is believed to be the : 
oxidation of formate to CO2, mediated by the endogenous, DPN-linked, | 
formic dehydrogenase. With enzyme preparations in which the theoretical 
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oxygen uptake was not attained, the addition of purified pea formic de- 
hydrogenase raised the oxygen uptake to the limiting value of 20 natoms. 
The required stoichiometry between oxygen and CO, could be demon- 
strated also by manometric methods. For example, in a typical experi- 
ment 17.2 watoms of oxygen were taken up with the concomitant produc- 
tion of 7.9 watoms of 

Substrate Specificity—The specificity of the enzyme system toward vari- 
ous substrates is shown in Table II. The reaction was specific for L-serine, 
while the D isomer was almost devoid of activity. The observation that 
glycine was not oxidized in this system shows that the entire oxygen up- 
take is due to the oxidation of the C, unit released from serine. The ac- 
tivities with formate and formaldehyde varied with different preparations, 
but the values shown may be considered as representative. The lack of 


TaBLeE II 
Substrate Specificity 
Duration of experiment, 280 minutes. 


Substrates Oz uptake Substrates O: uptake 
paloms paloms 
17.2 Sarcosine.............. 1.6 
Threonine.............. 0.0 Formate............... 8.6 


activity with threonine shows that the system is essentially devoid of 
threonine aldolase (28), or at least that any liberated acetaldehyde is not 
oxidized. Although the enzymatic deamination of serine to pyruvate has 
been shown to occur in liver preparations (29), the lack of reactivity of 
pyruvate in this assay system indicates that pyruvate is not an inter- 
mediate in the conversion of serine to glycine. Likewise, although it is 
known from the work of Mackenzie and Frisell (30) that sarcosine is 
converted enzymatically to serine in rat liver mitochondria, the evidence 
from Table II shows that sarcosine here is not an intermediate in the con- 
version of serine to glycine. 

Cofactor Requirements after Dialysis—The requirement for various co- 
factors in this system is shown in Table III. In Experiment 1, with an 
undialyzed preparation, there was only a small requirement for each of the 
cofactors with the exception of pyocyanine, which serves here as an elec- 
tron carrier for the terminal oxidase system. It should be noted that the 
system was not stimulated appreciably by the addition of purified, pig 
heart DPNH oxidase. 
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When a dialyzed preparation was used, as in Experiment 2, a definite 
requirement for added GSH, DPN, and ATP was demonstrable. A partial 
requirement for pyridoxal phosphate and Mn** also was shown.’ It is not 
surprising that pyridoxal phosphate is somewhat difficult to remove from 
the enzyme system, since it usually is tightly bound to enzymes of animal 
origin. More definite requirement for -pyridoxal phosphate was observed 
when the enzyme system was dialyzed against dilute semicarbazide, as 
shown in Experiment 3. The same effect, but to a lesser degree, was 


TaBLeE III 
Cofactor Requirements 


Standard assay system, except that in Experiments 2 and 4, 0.67 umole of FH, 
was present. In Experiment 1, the enzyme was used without dialysis, while in 
Experiment 2 the enzyme was dialyzed for 2 hours against a large volume, 2 X 107% 
M phosphate buffer, pH 7.5. In Experiment 3, Preparation B was dialyzed first 
against a solution which was 1.25 X 10-* M in semicarbazide (neutralized to pH 7.5) 
and 2 X 10-3 m in phosphate buffer, pH 7.5, for 5 hours, and then against 2 X 107? 
phosphate buffer, pH 7.5, for 12 hours. In Experiment 4 the enzyme was pretreated 
with Dowex 1. The duration of Experiment 1, 360 minutes; Experiment 2, 260 min- 
utes; Experiment 3, 240 minutes; and Experiment 4, 200 minutes. 


uptake 
Component omitted 
Experiment 1' Experiment 2|/Experiment 3 Experiment 4 

patoms patoms patoms paloms 
Pyridoxal phosphate................... 13.2 11.4 7.5 


demonstrated by dialysis against hydroxylamine. Blakley (15) has found 
that brief exposure to pH 9 of the enzyme from rabbit liver results in such 
a requirement; however, no resolution of the beef liver system occurs with 
this treatment. 

There is an absolute requirement for GSH in this assay system. Other 
thiols, such as cysteine, homocysteine, or coenzyme A, cannot duplicate 
the effect of GSH. 

Requirement for FH,—After dialysis, there was no requirement for added 
FH,, as shown in Experiment 2, Table III. However, after the enzyme 
system had been treated with Dowex 1, an almost complete requirement 


’ Many preparations from beef liver fail to show an Mn** effect, even after pro- 
longed dialysis against buffer or Versene. 
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emerged for catalytic amounts of FH,, as shown in Experiment 4, Table 
JI. This finding is in agreement with the results of others (4-6, 12-14, 
18, 20), who have observed a requirement for FH, in the pigeon liver, 
rabbit liver, and bacterial systems. 

Requirement for TPN—It was of interest to ascertain the specificity of 
the reaction toward analogues of ATP. ATP could be replaced completely 
by the triphosphates of uridine, cytidine, or guanosine, by adenosine di- 
phosphate, or by adenosine tetraphosphate. The relative non-specificity 
of the reaction for a high energy phosphate compound indicates that the 
ATP is serving as a phosphorylating agent in a kinase reaction, rather 
than as a donor of its nucleoside portion, as in the formation of acyl adenyl- 
ates or dinucleotide coenzymes. 


TABLE IV 
Requirement for TPN 


Standard assay system, except that DPN and ATP were omitted. Additions of 
these cofactors, and TPN (0.4 umole), as indicated. The duration of the experiment 
was 270 minutes. 


Additions Oxygen uptake 


patoms 
11.1 


During a study of C, units in transformylation reactions, Greenberg 
etal. (31, 32) have shown that ATP is required both for the direct formyla- 
tion of FH, (at the N!° position) and for the isomerization of N*-formyl] 
FH, to N!°-formyl FH,. Although the possibility existed that ATP was 
required for similar reactions in the present system, it seemed more likely 
that ATP was converting part of the DPN to TPN. The stimulation 
(Table IV) provided by DPN plus ATP was exceeded by DPN plus TPN. 
As discussed below, TPN is involved in the first oxidative step, and its 
presence alone in the manometric system should result in an oxygen uptake 
of 10 watoms. Since the actual uptake exceeds this value, it is assumed 
that some DPN is being produced by dephosphorylation of the TPN. 

Since the formate dehydrogenase is known to be DPN-specific, the re- 
quirement for TPN in this system must be referable to the oxidation of the 
C, unit from the level of formaldehyde to formate.‘ These findings are in 


‘In recent experiments (F. M. Huennekens, Y. Hatefi, and L. D. Kay, unpublished 
observations), we have found that the addition of serine and TPN to the present 
enzyme system brings about the net formation of TPNH. With a Dowex-treated 
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agreement with the reports of Jaenicke (16, 33) and Greenberg et al. (32) 
that TPN is required for the conversion of hydroxymethyl FH, to N”. 
formyl FH,. 

Terminal Oxidase System—The present manometric assay is based upon 
the two-step oxidation of a coenzyme-bound C, unit released from serine 
at the level of formaldehyde. The two primary dehydrogenases involve 
the formation of reduced TPN (TPNH) and DPNH, respectively. The 
terminal oxidase systems must then link these reduced pyridine nucleo- 
tides to oxygen. It was shown by conventional spectrophotometric and 
manometric measurements that both DPNH and TPNH were oxidized in 
the presence of pyocyanine at a sufficiently rapid rate to account for the 
observed oxygen uptake with serine in the manometric system. In addi- 
tion, spectrophotometric measurements revealed the presence of an ac- 
tive TPNH-glutathione reductase. Although TPNH is capable of inter- 
action with oxidized glutathione (GSSG), as shown in Equation 5 


TPNH + Ht + GSSG — TPN* + 2 GSH (5) 


the subsequent oxidation of GSH, as determined by direct measurement, 
was too slow to permit this system to act as a terminal oxidase for TPNH. 
Thus, GSH must participate elsewhere in the reaction sequence, although 
its exact localization must await completion of current studies dealing with 
the separation of the enzyme system into its various components. 
Mechanism of Reaction—From the above results, and especially from the 
requirement for cofactors, the accompanying sequence of events is pro- 


posed : 


0. 
DPNH 
DPN 
HCOOH 
Pyo — 0; 
CHO—F H, 
TPNH 
TPN 


hydroxymethylase 


pyridoxal phosphate, 
Mntt (?), FH, 


enzyme, serine and free formaldehyde each require the addition of catalytic amounts 
of FH, to bring about TPN reduction. It should be noted that the DPN-linked 
formaldehyde dehydrogenase of Strittmatter and Ball (23) does not require the addi- 
tion of FH,, even with Dowex-treated preparations. 


L-Serine > glycine + CH,OH—FH, 
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As mentioned previously, the role of GSH is unknown. It may be in- 
volved in the enzymatic cleavage of formyl FH, to formate through the 
formation of the labile intermediate, formyl-GSH (23). Contrary to our 
original view (34), it now seems unlikely, in light of the TPN requirement, 
that the hydroxymethyl] group is transferred from serine to GSH, or that 
the oxidation of hydroxymethyl-GSH (23) intervenes in the present sys- 
tem. 


The authors are indebted to Mrs. Mary Jane Osborn for valuable dis- 
cussions and suggestions on this problem, and to Mr. Gene Dodson, Mr. 
Richard Tremblay, Mrs. Enid Vercamer, and Mrs. Cherie Howry for their 
capable assistance in the experiments. 


SUMMARY 


1. Serine hydroxymethylase has been obtained as a soluble enzyme from 
phosphate buffer extracts from acetone dried beef liver and partially puri- 
fied by means of fractionation with acetone. 

2. The cleavage of serine to glycine and a C, unit may be coupled with 
the two-step oxidation of the latter moiety to CO,. The resulting oxygen 
uptake permits the reaction to be followed conveniently in manometers. 

3. The system is specific for L-serine. p-Serine, threonine, glycine, py- 
ruvate, and sarcosine are inert. 

4. The assay system requires added diphosphopyridine nucleotide, tri- 
phosphopyridine nucleotide, reduced glutathione, pyridoxal phosphate, and 
tetrahydrofolic acid as cofactors. <A partial requirement for Mnt*+ was 
demonstrated. 
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A NINHYDRIN REACTION DIFFERENTIATING 
N-TERMINAL GLYCINE PEPTIDES 
FROM OTHER PEPTIDES* 


By LEO J. SAIDEL 


(From the Department of Biochemistry, The Chicago Medical School, 
Chicago 12, Illinois) 


(Received for publication, July 27, 1956) 


The products of the reaction of ninhydrin with a-amino acids are, in 
general, the corresponding aldehyde of one less carbon atom than the orig- 
inal compound, COs, and, at pH 5 to 7, an intensely colored compound 
(thought to be the anion of diketohydrindylidene-diketohydrindamine), 
which contains nitrogen from the amino acid. If the pH is kept at 2.5 or 
lower, this colored compound is not produced and the nitrogen from the 
amino acid appears in a form that is readily convertible to free NH; on 
subsequent alkalization (1). 

The reaction with peptides must be different because it produces neither 
aldehydes (2—4) nor CO, (5). However, the reaction does produce a color 
at pH 5, an observation which indicates that NH; may be a product under 
the proper experimental conditions. This paper is concerned with the 
question of the formation of NH; by peptides and proteins on treatment 
with ninhydrin, and with the analytical possibilities of such a reaction. 


EXPERIMENTAL 
Procedure 


The procedure adopted was based on the experiences of MacFadyen (1) 
and also of Sobel, Hirschman, and Besman (6) with amino acids. Neither 
these workers nor Schlenker (7) applied their methods to peptides or pro- 
teins. It was found convenient to carry out the reaction in a sealed Pyrex 
tube, 10 mm. in outer diameter and 70 mm. in length. To 0.5 ml. of a 
solution of the test material in 5 per cent citrate buffer! of pH 2.5 were 
added 25 mg. of ninhydrin just prior to sealing the tube. In sealing the 
tube, care was taken to keep its open end out of the gas flame. When cool, 
the tube was immersed in a vigorously boiling water bath in an erect posi- 
tion for 10 minutes. The tube was then rapidly cooled and opened, and 


* Presented at the 118th meeting of the American Chemical Society, Chicago, 
Sept., 1950. 

! When the material was insoluble at this pH, it was weighed directly into the tube 
and suspended in 0.5 ml. of buffer before addition of ninhydrin. Reaction was still 
possible. 
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into it was pipetted 1 ml. of 5 per cent H.O2 made up in the citrate buffer. 
The contents of the tube were stirred with a thin glass rod and allowed to 
stand for 1 hour. After being centrifuged in the reaction tube itself, ali- 
quots of the supernatant solution were pipetted into microdiffusion vessels 
and assayed for NH; by the method of Conway and O’Malley (8). In place 
of potassium metaborate, an alkaline buffer was used which consisted of 
55 gm. of KOH pellets (85 per cent assay) dissolved in 61 ml. of water with 
52.1 gm. of good grade H;BO; cautiously added. The original sample 
weight was adjusted, where possible, to give a titration of from about 0.03 
to 1 ml. of 0.005 n HCl per aliquot. Parallel blanks, with only the test 
material omitted, were run at frequent intervals, so that NH3, which 
contaminated the reagents or was picked up during the analysis, could be 
subtracted. The results usually fell within the range of +2 per cent of the 
mean. 
Materials 

The peptides and related compounds listed in Table I were all commer- 
cial preparations with the exception of hexaglycine methy] ester, which was 
obtained from Dr. E. Pacsu,? leucinamide and pi-phenylalanylglycine ob- 
tained from Dr. O. K. Behrens,’ L-glutamy]-L-glutamic acid obtained from 
Dr. B. F. Erlanger,? and chloroacetyl-L-aspartic acid synthesized with use 
of chloroacetic anhydride (9). 

The proteins listed in Table II were all commercial preparations, with 
the exception of ovalbumin and papaya lysozyme, which were dialyzed 
preparations obtained from Dr. T. Winnick? and Dr. T. R. Kimmel,’ re- 
spectively. Insulin, ribonuclease, and chymotrypsinogen were analyzed 
when purchased, and then again immediately after dialysis for 48 hours in 
citrate buffer, pH 2.5, at 4°. Moisture corrections (7 to 10 per cent) were 
applied to all protein preparations, but no corrections were made for NH; 
originally present. This was found to be appreciable only in the case of 
pepsin (0.8 mole per mole of protein). 


Results 


The results with a-amino acids are in general agreement with those ob- 
tained by Sobel et al. (6), most amino acids yielding nearly theoretical 
amounts of their a-amino N in 10 minutes reaction time. On exposure to 
a prolonged reaction period, none of the amino acids tested yielded increas- 
ing amounts of NH;. This applies to lysine (99 per cent of a-amino N) as 


well as to proline (0 per cent of a-amino N) and tryptophan (46 per cent of | 


a-amino N), the only commonly occurring a-amino acids, apart from hy- 


? IT am very grateful to these persons for gifts of the materials mentioned. 
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or, droxyproline, that fall far short of yielding theoretical amounts of NH; in 
to a 10 minute reaction period. 


li- Moore and Stein (10) have demonstrated that peptides yield color at pH 
, 5 nearly equal in intensity to that given by an equimolar quantity of amino 
ce 
of TABLE I 
th Ammonia Evolved from Peptides and Related Compounds on Treatment 
le with Ninhydrin at pH 2.6 
03 Moles of NHs per mole of compound 
rs Evolved in Evolved in Evolved in 
10 min. 20 min. 30 min. 
be 
0.96 0.97 
Hexaglycine methyl ester................... 0.92 1.02 
Glycine ethyl ester-hydrochloride........... 0.98 1.01 
Glycyl-pu-valine 0.92 0.98 
as Glycyl-L-methionine........................ 0.99 1.02 
0.94 0.94 
Glycyl-L-tryptophan....................... 0.98 1.00 
se Glycyl-L-asparagine........................ 1.40 1.58 1.76 
th pL-Alanyl-pL-alanine....................... 0.05 0.06 
_ 0.01 0.01 
pL-Alanine ethyl ester-hydrochloride. ...... 0.05 0.05 
e- 0.05 0.08 
in pL-Phenylalanylglycine..................... 0.04 0.10 
re t-Glutamyl-L-glutamic acid................ 0.05 0.14 
1 Chloroacetyl-pL-aspartic acid............... 0.06 0.11 0.17 
: pL-Alanyl-pL-asparagine-water.............. 0.26 0.47 0.57 
of Chloroacetyl-L-asparagine.................. 0.33 0.70 
0.91 0.90 
b Glycine anhydride. ........................ 0.01 0.02 0.03 
al 
to acid. It seemed reasonable, therefore, to expect peptides to yield 1 mole 
S- of NH; per mole of peptide under the conditions described above. As indi- 
aS cated in Table I, this was essentially true of nearly all peptides and esters 
of tested in which glycine occupies the N-terminal position. Of these, only 


y- glycyl-L-asparagine yielded excessive NH;. On the other hand, very little 
NH; was produced by nearly all peptides tested as well as by an ester and 
an amide, in which amino acids other than glycine occupy the N-terminal 
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position. Again, of these, only pi-alanyl-pL-asparagine produced appre- 
ciable NH;. Chloroacetyl-L-asparagine but not chloroacetyl-DL-aspartic 
acid behaved similarly. Glutathione, glutamine, and asparagine, which 
are similar to free amino acids in that they contain a free amino group a to 
a free carboxyl group, yielded NH; approximately corresponding to their 
free a-amino N, but no more. Table I also indicates that most peptides, 


TaB_eE II 
Ammonia Evolved from Proteins on Treatment with Ninhydrin at pH 2.5 
Moles of NHs per mole 
protein 
Con- 
{Extra 
Protein Commercial source Seng Mol. wt. |Evolved'Evolved} _po- 
100 ml. in 10 | in 20 | lated 
min. | min. | tod 
(1) (2) (3) (4) | | 
Gramicidin Schering* 2 3,800 (11) | 0.01 | 0.02) 0.0 
Insulin Lilly 0.7 | 5,734 (12) | 1.77 | 2.17) 1.4 
dialyzed 0.7 | 5,734 (12) | 1.40] 1.78) 1.0 
Protamine ts 1.7 | 10,000 (13) | 0.41 | 0.54) 0.3 
Ribonuclease Armour 3.6 | 13,900 (14) | 1.63 | 1.89) 1.4 
4 dialyzed #3 2.7 | 13,900 (14) | 0.46 | 0.76) 0.2 
Egg white lysozyme 5.3 | 14,700 (15) | 0.59 | 
Chymotrypsinogen Worthington | 2.0 | 23,000 (16) | 1.54 | 2.16) 0.9 
” dialyzed ais 2.7 | 23,000 (16) | 1.10} 1.55) 0.6 
Chymotrypsin Kuster 2.0 | 21,500 (17) | 2.25 | 2.84 1.7 
Papaya lysozyme 1.6 | 24,300 (18) | 4.71 | 5.01) 4.4 
Pepsin Armour 3.5 | 35,500 (19) | 9.75 12.79 6.7 
Ovalbumin 1.5 | 44,000 (20) | 2.33 | 4.21) 0.4 
Bovine plasma albumin Armour 6.0 | 69,000 (21) | 3.75 | 6.21) 1.3 
ee 2.5 | 69,000 (21) | 3.09 | 4.87) 1.3 
os Fraction II 5.5 (156,000 (21) | 2.50 5.66)—0.7 


The numbers in parentheses are bibliographic references. 
* These preparations were gifts which the author gratefully acknowledges. 


in contrast with the amino acids, continued to yield NH; with increase in 
reaction time. The rate, though slow with most peptides, differed consid- 
erably from peptide to peptide. 

The procedure was also applied to a number of proteins for 10 and 20 
minute periods, with the results indicated in Table II. All the proteins 
yielded a pronounced increase in NH; with increase in reaction time. The 
attempt was made (Column 7) to estimate the number of reactive amino 
groups initially present in the protein molecule by extrapolation to zero 
time of the observed rate of NH; evolution between 10 and 20 minutes. 
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DISCUSSION 


From the above results, the following generalization appears to be war- 
ranted. In the compound indicated below, 


R—CH(N H2)—CO—X 


when —X is —OH, the compound yields nearly theoretical amounts of 
NH; in the above procedure (10 minute reaction), no matter what the 
nature of R— may be; but when —X is —NH2, —NHR’, or —OR”, the 
compound yields nearly theoretical amounts of NH; when R— is H— and 
very little NH; when R— is other than H—. Of all of the compounds 
tested, only tryptophan and the C-terminal asparagine peptides were par- 
tial exceptions to this rule. 

The results obtained with peptides clearly demonstrated the unsuita- 
bility of the ninhydrin NH; method for the determination of total terminal 
amino groups on peptides and proteins. But, quite unexpectedly, they 
indicated the possibility that the method might find use in the determina- 
tion of N-terminal glycine residues. It is true that some peptides were 
found that yielded NH; during the 10 minute treatment in excess of the 
amount corresponding to the N-terminal glycine, but partial correction 
for the excess could be made by observing the rate of increase after 10 min- 
utes. 

No explanation can be offered for the observed instability of C-terminal 
asparagine peptides, but the apparent unreactivity of the amide group of 
asparagine itself would appear to rule out this group as the source of NH3;. 
The comparative unreactivity of chloroacetyl aspartic acid and of gluta- 
mylglutamiec acid compared with chloroacetyl asparagine indicates that this 
effect is specific for the asparagine residue. As such it may be worth fur- 
ther investigation. 

Of twelve proteins tested (Table II), only two have been reported to 
contain N-terminal glycine residues, insulin with 1 per mole of 6000 mo- 
lecular weight (22) and papaya lysozyme with 2 per mole of 24,300 molec- 
ular weight (18). Insulin, after dialysis at pH 2.5, gave the expected 
result (Column 7, Table II). Papaya lysozyme gave a value that was 
roughly double the reported result. Of the other ten proteins which have 
been reported to contain no N-terminal glycine residues (23-31), all of 
those with molecular weights under 15,000 gave values of 0.3 mole or less 
per mole of protein, and three of those with molecular weights over 15,000 
gave values of 0.6 mole or less per mole of protein. The other three pro- 
teins gave values over 1.0. None of the preparations in this last group was 
dialyzed. 

The following points can be made concerning the discrepancies. Since 
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free NH; and amino acids interfere quantitatively in this method, it is not 
surprising that a few proteins were encountered which apparently gave 
erroneously high results. Three of these proteins, bovine plasma albumin, 
pepsin (33), and chymotrypsin (34, 35), have been found to be associated 
with amino acids or peptides that are very hard to remove. Moreover, the 
greater the molecular weight, the greater is the magnification of such errors 
when the results are expressed as molar ratios. Finally, the possibility 
always exists that there are other labile groupings of unknown character 
in the protein which react in such a way that corrections cannot be made 
by linear extrapolation. It may be concluded that the method described 
here has definite though limited use in the estimation of N-terminal glycine 
residues in peptides and proteins. 


SUMMARY 


The formation of NH; by peptides, proteins, and related compounds, 
when they are treated with ninhydrin at pH 2.5 for various periods of time, 
was determined by a microdiffusion method. Like most free a-amino 
acids, a number of peptides and esters in which glycine occupies the N- 
terminal position yielded close to 1 mole of NH; per mole of reactant in 
10 minutes reaction time. However, a number of peptides, an ester, and 
an amide that contain amino acids other than glycine in the N-terminal 
position yielded only 0.02 to 0.07 mole of NH; within this period. C-Ter- 
minal asparagine peptides were the only marked exceptions found. Gly- 
cylasparagine yielded 1.4 moles and alanylasparagine 0.3 mole. 

The application of this reaction to the estimation of N-terminal glycine 
residues in peptides and proteins is discussed. 


The procedure was applied to a number of the peptides and proteins by 
Mr. Howard Lieberman. 


Addendum—Since this work was submitted for publication, a paper by Cristol ef 
al. (36) has come to my attention in which an independent study was made of the 
reaction of ninhydrin with synthetic peptides at pH 2.5. In their procedure, Cristol 
et al. found that glycylglycine, glycylleucine, glycyltyrosine, glycyltryptophan, and 
glycylglycylglycine required up to 60 minutes to produce nearly quantitative yields 
of NH; (0.76 to 1.00 mole of NH; per mole of peptide), whereas alanylglycine, leucyl- 
glycine, leucyltyrosine, and leucylglycylglycine produced only minimal amounts of 
NH; (0.03 to 0.115 mole) in the same time. 
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2,6-DIAMINOPURINE AS SUBSTRATE AND INHIBITOR OF 
XANTHINE OXIDASE 


By JAMES B. WYNGAARDEN 


(From the National Institute of Arthritis and Metabolic Diseases, National 
Institutes of Health, Public Health Service, United States Department 
of Health, Education, and Welfare, Bethesda, Maryland) 


(Received for publication, June 19, 1956) 


Several examples of purine ring oxidation in the C-8 position by xan- 
thine oxidase have been described. These include the oxidation of xan- 
thine to uric acid, the conversion of adenine (1) and of isoguanine (2) to 
2 ,8-dihydroxy-6-aminopurine, and the oxidation of 2-azaadenine and 2-aza- 
hypoxanthine to their respective 8-hydroxy derivatives (3). The occur- 
rences of 8-hydroxyguanine in the sea slug (4) and of 7-methyl-8-hydroxy- 
guanine in human urine (5) have been reported, but the mechanisms of 
their formation are unknown. In connection with studies of the biosyn- 
thesis of the latter compounds, possible C-8 oxidation of certain purine 
substrates in the presence of xanthine oxidase was investigated spectro- 
photometrically. This paper reports the oxidation of 2,6-diaminopurine 
to its 8-hydroxy derivative in the presence of large quantities of this en- 
zyme and the competitive inhibition of xanthine oxidation by both di- 
aminopurine and its oxidation product. 


Materials and Methods 


2,6-Diaminopurine was purchased from the California Foundation for 
Biochemical Research, and was recrystallized as the sulfate from 2 N H2SO,. 
2,6-Diamino-8-hydroxypurine was synthesized according to Cavalieri and 
Bendich (6) and crystallized six times from 2 N H.SO,y. Milk xanthine 
oxidase, prepared according to Ball (7), crystalline beef liver catalase, and 
uricase were purchased from the Worthington Biochemical Corporation. 
Measurements of substrate oxidation were made in a Beckman model DU 
spectrophotometer, and reactions were carried out at room temperature 
(25°) in quartz cells having a light path of 1.0 cm. Diaminopurine oxida- 
tion was measured as described later in this paper, and other purines were 
measured according to standard spectrophotometric methods (1, 8). 


Results 


2,6-Diaminopurine As Substrate for Xanthine Oxidase—When large 
quantities of xanthine oxidase were added to solutions of diaminopurine, 
the spectrum of the latter slowly changed, indicating that it was being 
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oxidized. When action ceased, the solutions were deproteinized with 
perchloric acid, and the spectra of the product were then examined at pH 
2,6,and 9. A close correspondence between the spectra of the enzymatic 
oxidation product and those of synthetic 2,6-diamino-8-hydroxypurine 
was noted at each of these pH values (Fig. 1). 

Structure of Product Formed by Action of Xanthine Oxidase on 2 ,6-Di- 
amtnopurine—2.25 mg. of diaminopurine sulfate hydrate were incubated 
overnight with 76 units of xanthine oxidase! and 750 units of catalase? in 
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Fic. 1. Spectra of authentic 2,6-diamino-8-hydroxypurine and of the product of 
xanthine oxidase action on 2,6-diaminopurine at pH 2,6, and 9. These curves were 
obtained with a Beckman model DK recording spectrophotometer. The extinction 
coefficients of the oxidation product were calculated from a knowledge of the concen- 
tration of substrate and an assumption of complete oxidation to the 8-hydroxy deriva- 
tive. 


15 ml. of 0.1 m phosphate buffer at pH 8.3. Thereafter, the mixture was 
boiled to coagulate protein, and the clear filtrate was diluted to 50 ml., 
adjusted to pH 1.5 with HCl, and placed on a Dowex 50-H* column (2.5 X 
12 cm. containing 30 ml. of resin). Elution, begun with 0.15 N HCl, was 
gradually increased to 2.62 N; samples were collected in 24 ml. fractions. 
The oxidation product was eluted at tubes 73 to 86 and was completely 
separated from a small amount of unchanged substrate which was eluted 


11 unit of xanthine oxidase activity was defined as that quantity causing an in- 
crease of optical density of 1.0 per minute at 292 my, when added to 3.0 ml. of 0.1m 
tris(hydroxymethyl)aminomethane buffer, pH 8.26, containing 10 y of xanthine per 
ml. 

2 The unit of catalase activity is that defined by Beers and Sizer (9). 
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in tubes 160 to 190 in a flat broad peak. The fractions containing the 
oxidation product were pooled (330 ml.), and analysis based on the ab- 
sorbance at 307 muy indicated the presence of 1.23 mg. of product (yield = 
75 per cent calculated as 2,6-diamino-8-hydroxypurine). The pooled 
eluate was reduced to dryness in vacuo at 30°, the residue was dissolved 
in water, transferred to a 15 ml. conical tube, neutralized with a few drops 
of saturated ammonium acetate, and allowed to stand at 3° for several 
days. The precipitate which formed was collected and dissolved in 1 ml. 
of 2 N H2SOQ,. The solution was decolorized with Norit, and the clear 
filtrate kept at 3° for 48 hours. A small crop of colorless needles formed. 
These were washed free from acid with iced water and dried in vacuo over- 
night at 85°. 0.25 mg. of product was recovered. <A few crystals were 
dissolved in water, and the ultraviolet absorption spectra at pH 2, 6, and 9 
were shown to agree well with those of authentic 2 ,6-diamino-8-hydroxy- 
purine. That this was the product was confirmed by infrared spectral 
analysis (Fig. 

When it had been established that the product of this reaction was 
2,6-diamino-8-hydroxypurine, a careful comparison of the spectra of sub- 
strate and product was made in 0.1 mM phosphate buffer, pH 8.0. These 
spectra are shown in Fig. 3. At this pH, 2,6-diaminopurine has an ab- 
sorption maximum at 280 my and an extinction coefficient of 9410, whereas 
2,6-diamino-8-hydroxypurine has an absorption maximum at 291.5 my 
and an extinction coefficient of 10,070. The optical changes occurring at 
certain wave lengths are given in Table I; the maximal change in extinction 
coefficient occurred at 300 mu. At this wave length an increase of optical 
density of 0.034 per y per ml. would be anticipated during complete oxida- 
tion of diaminopurine to its 8-hydroxy derivative. 

Affinity of 2,6-Diaminopurine for Xanthine Oxidase and Rate of Reac- 
tion—A kinetic study of the oxidation of diaminopurine was carried out, 
and certain comparisons with other substrates of xanthine oxidase were 
made. Comparison of initial oxidation rates was made at an arbitrary 
substrate concentration of 0.07 umole per ml. of 0.1 m tris(hydroxymethy])- 
aminomethane buffer (Table II). Rates of oxidation were then observed 
over a range of concentration of substrate. The rate of change of optical 
density, as measured from 5 to 20 seconds after addition of enzyme, was 
regarded as a measure of the initial rate of oxidation. The data obtained 
were plotted according to the method of Lineweaver and Burk (10), and 
from such plots K» values were calculated. It is apparent from Table II 
that the affinity of diaminopurine for the enzyme is of the same order as 


* The author is indebted to Dr. H. M. Fales of the National Heart Institute for 
the infrared spectra, prepared with the purines mounted in KCI pellets, and recorded 
with a Perkin-Elmer infrared spectrophotometer. 
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that of the other known purine substrates tested. Nevertheless, the rate 
of diaminopurine oxidation is only about one-fourth that of adenine or 


isoguanine and only about 0.05 that of xanthine or hypoxanthine. 
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Fig. 2. Infrared spectra of purines in KCl pellets. The upper spectrum is that of 
0.4 mg. of authentic 2,6-diamino-8-hydroxypurine sulfate hydrate; the middle spec- 
trum is that of 0.18 mg. of the diaminopurine oxidation product, recrystallized from 
sulfuric acid; the lower spectrum is that of 0.4 mg. of the substrate, 2,6-diaminopurine 
sulfate hydrate. A good agreement between the middle and upper spectra is evident. 


Competition between Diaminopurine and Xanthine for Xanthine Oxidase— 
The oxidation of xanthine to uric acid was partially inhibited in the pres- 
ence of diaminopurine. Only small quantities of enzyme were required 
for this reaction, and no oxidation of diaminopurine occurred during the 
5 minute period of observation of xanthine oxidation. The inhibition of 
xanthine oxidation by diaminopurine was shown to be competitive in na- 
ture (Fig. 4), and a dissociation constant (11) of the enzyme-inhibitor com- 
plex of 7.41 X 10-§ m was calculated. Similarly, the 8-hydroxy derivative 
of diaminopurine was shown to inhibit xanthine oxidation, and this inhibi- 
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tion was also shown to be competitive. The dissociation constant of this 
enzyme-inhibitor complex was calculated to be 1.06 XK 10-5 m. Thus, 
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Fic. 3. Spectra of 2,6-diaminopurine and 2,6-diamino-8-hydroxypurine at pH 8.0 


TaBLeE I 


Density Changes at Various Wave Lengths During Oxidation 
of 2,6-Diaminopurine by Xanthine Oxidase at pH 8.0 


A optical density per vy per ml. 
Wave length Ae X 1073 Ae/(1.50 X 105) 

Calculated Observed 
mp sq. cm. per mole 
239 0 | 0 
273 —2.76 —0.018 —0.017 
284 0 —0.001 
292 +4.30 +0.028 +0.027 
300 +5.15 +0.034 +0.031 


both substrate and product of diaminopurine oxidation were competitive 
inhibitors of xanthine oxidation. 

Inhibition of Xanthine Oxidase by Other Purine Bases—Guanine, iso- 
guanine, and adenine were also shown to inhibit xanthine oxidase (12). 
The mechanism involving adenine was studied in further detail. Here, 
also, adenine itself was not oxidized during study of xanthine oxidation, 
since the quantities of enzyme used had no effect on adenine during the 
short period of observation. The inhibition of xanthine oxidation by 
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adenine was also demonstrated to be competitive in nature (Fig. 5), and 
a dissociation constant of 1.14 K 10-5 m was calculated for this enzyme- 


TABLE II 
Action of Xanthine Oxidase on Purines 


Initial oxidation rates were determined with 0.2 wmole of purine in 3.0 ml. of 0.1 
M tris(hydroxymethyl)aminomethane buffer, pH 8.26, in air at 25°. Each cell also 
contained 0.5 unit of xanthine oxidase and 0.7 unit of catalase. A,, values were de- 
termined under similar conditions with data on at least five different substrate con- 
centrations of each purine. 7 


Purine Initial oxidation rate Kn 
pmoles per hr. 10-6 
Diaminopurine....................... 0.017 7.80 
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Fic. 4. Competitive inhibition of xanthine oxidation by 2,6-diaminopurine and by 
2,6-diamino-8-hydroxypurine. Velocity was measured in millimicromoles per min- 
ute; substrate concentration was measured in micromoles per ml. The reactions were 
run in 0.1 m tris(hydroxymethy])aminomethane buffer, pH 8.26. 


inhibitor complex. In another study the K,, of adenine was found to be 
1.21 X 

Guanine and 7-Methylguanine—Because the 8-hydroxy derivatives of 
these two compounds are known to occur in nature (4, 5), it became of 
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interest to know whether either could be oxidized in the presence of xan- 
thine oxidase under conditions whereby 2,6-diaminopurine is oxidized. 
Guanine was found to undergo very slow oxidation in the presence of large 
quantities of xanthine oxidase. When the reaction ceased, the spectra of 
the new product obtained at pH 2, 6, and 9 were, however, not those of 
8-hydroxyguanine (6) but of uric acid, and the new compound was de- 
stroyed by uricase. Milk xanthine oxidase, therefore, is probably con- 
taminated with traces of guanase, and this appeared to be true of the en- 
zyme, Whether prepared according to Ball (7) or according to Horecker 
and Heppel through the alumina Cy purification stage (13). 7-Methyl- 
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Fic. 5. Competitive inhibition of xanthine oxidation by adenine. Velocity and 
substrate units were the same as those of Fig. 4. 


guanine, isolated from human urine by combination of cation exchanger 
resin (14) and paper chromatographic (15) techniques, was neither oxidized 
nor deaminated under the conditions described. 


DISCUSSION 


With the use of large quantities of enzyme such as those required for 
diaminopurine and adenine oxidation, a question naturally arises whether 
a contaminant of xanthine oxidase may not be responsible rather than 
xanthine oxidase itself. Klenow (1) reasoned that xanthine oxidase, or a 
similar type of enzyme, was responsible for adenine oxidation, since both 
xanthine and adenine oxidation were inhibited by 2-amino-4-hydroxy-6- 
formylpteridine. Additional evidence that this may be true for both 
adenine and diaminopurine is that both commercial xanthine oxidase pre- 
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pared according to Ball and more highly purified xanthine oxidase prepared 
according to Horecker and Heppel oxidize xanthine, adenine, and diamino- 
purine in approximately comparable ratios of activity.‘ Also, a compari- 
son of enzyme-substrate dissociation constants, obtained as Michaelis- 
Menton or as inhibitor dissociation constants, shows that K,, and K; values 
agree well for both purines. These data suggest that xanthine oxidase 
is the enzyme catalyzing the oxidation of these two purines. 

It is apparent, however, that the occurrence of 8-hydroxyguanine in the 
sea slug (4) and of 7-methyl-8-hydroxyguanine in human urine (5) cannot 
be attributed to xanthine oxidase action on guanine or 7-methylguanine, 
Bentley and Abrams (16) have demonstrated the presence in rabbit bone 
marrow extracts of an enzyme capable of oxidizing adenine to 8-hydroxy- 
adenine, yet without action on hypoxanthine. The oxidation of methyl- 
xanthines to methyluric acids represents another example of purine C-8 
oxidation not catalyzed by milk xanthine oxidase (17). 

2,6-Diaminopurine has been shown to serve as a precursor of nucleic 
acid guanine in bacterial (18), protozoan (19), and mammalian systems 
(20, 21), and its conversion to a riboside phosphate by the mouse has been 
demonstrated (22). At one time diaminopurine was postulated as an 
intermediate in the biological conversion of adenine to guanine (20), but 
recent work indicates that this pathway is no longer tenable (23-25). 
Diaminopurine has not been demonstrated to occur naturally in any bi- 
ological system. Nevertheless, it has demonstrable biologic potency and 
is an inhibitor of growth of viruses (26-29), of Lactobacillus casei (30), of 
kappa of paramecia (31), of chick oviduct under estrogen stimulation (32), 
and of sarcoma tissue cultures (33). Most of these effects have been inter- 
preted as an inhibition of adenine utilization by diaminopurine (26-30). 
This agent increases the survival of leucemic mice (34) and of mice infected 
with encephalitis virus (35). It has had limited usefulness as an anti- 
leucemic agent in man (36), but is highly toxic to proliferating tissue such 
as bone marrow and small bowel epithelium (36, 37). Little is known of 
its catabolism, except that Escherichia coli can deaminate it to form xan- 
thine (38). The present work suggests that in vivo it might be converted 
to 8-hydroxydiaminopurine, in a manner analogous to the oxidation of 
adenine to 2,8-dihydroxyadenine when the former is administered in large 
doses to rats (39) or man (40). The possibility exists that the oxidation 
product may be responsible for some of the toxic manifestation of diamino- 
purine administration, as it is in the case of adenine (41). 

Competitive inhibition of xanthine or hypoxanthine oxidation has pre- 


viously been demonstrated for adenine (1), azaadenine (3), and xanthop- 


terin (42). Since a great variety of purines is known to be absorbed by 


¢ Unpublished observations of the author, 
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the enzyme (43), this may well be a relatively common property of purines. 
The inhibition of xanthine oxidase by both diaminopurine and its oxidation 
product finds a parallel in the demonstration that both azaadenine and 
8-hydroxyazaadenine are also inhibitors of this enzyme (3). 


SUMMARY 


2,6-Diaminopurine is oxidized to its 8-hydroxy derivative by milk xan- 
thine oxidase. Both diaminopurine and its oxidation product are competi- 
tive inhibitors of xanthine oxidation by this enzyme. 8-Hydroxyguanine 
and 7-methyl-8-hydroxyguanine, both found in nature, are not formed 
by action of milk xanthine oxidase on guanine or 7-methylguanine. 


BIBLIOGRAPHY 


. Klenow, H., Biochem. J., 50, 404 (1951-52). 
. Booth, V. H., Biochem. J ., 32, 494 (1938). 
. Shaw, E.., and Woolley, D. W., J. Biol. Chem., 194, 641 (1952). 
. Karrer, P., Manunta, C., and Schwyzer, R., Helv. chim. acta, 31, 1214 (1948). 
. Weissmann, B., and Gutman, A. B., Federation Proc., 15, 381 (1956). 
. Cavalieri, L. F., and Bendich, A., J. Am. Chem. Soc., 72, 2587 (1950). 
. Ball, E. G., J. Biol. Chem., 128, 51 (1939). 
. Kalekar, H. M., J. Biol. Chem., 167, 429 (1947). 
. Beers, R. F., Jr., and Sizer, I. W., J. Biol. Chem., 195, 133 (1952). 
. Lineweaver, H., and Burk, D., J. Am. Chem. Soc., 56, 658 (1934). 
. Neilands, J. B., and Stumpf, P. K., Outlines of enzyme chemistry, New York, 
87 (1955). 
12. Wyngaarden, J. B., Federation Proc., 15, 389 (1956). 
13. Horecker, B. L., and Heppel, L. A., J. Biol. Chem., 178, 683 (1949). 
14. Wyngaarden, J. B., J. Clin. Invest., 34, 973 (1955). 
15. Weissmann, B., Bromberg, P. A., and Gutman, A. B., Proc. Soc. Exp. Biol. and 
Med., 87, 257 (1954). 
16. Bentley, M., and Abrams, R., Arch. Biochem. and Biophys., 68, 314 (1954). 
17. Brodie, B. B., Axelrod, J., and Reichenthal, J., J. Biol. Chem., 194, 215 (1952). 
18. Elion, G. B., VanderWerff, H., Hitchings, G. H., Balis, M. E., Levin, D. H., and 
Brown, G. B., J. Biol. Chem., 200, 7 (1953). 
Hamilton, L., Ann. New York Acad. Sc., 56, 961 (1953). 
Bendich, A., Furst, 8. S., and Brown, G. B., J. Biol. Chem., 185, 423 (1950). 
Hamilton, L., Nature, 172, 457 (1953). 
Wheeler, G. P., and Skipper, H. E., J. Biol. Chem., 205, 749 (1953). 
Abrams, R., and Bentley, M., Arch. Biochem. and Biophys., 56, 184 (1955). 
Abrams, R., and Bentley, M., ./. Am. Chem. Soc., T7, 4179 (1955). 
. Magasanik, B., Moyed, H. 8., and Karibian, D., J. Am. Chem. Soc., 78, 1510 
(1956). 
. Friend, C., Proc. Soc. Exp. Biol. and Med., 78, 150 (1951). 
. Morgan, H. R., J. Exp. Med., 95, 277 (1952). 
. Visser, D. W., Lagerborg, D. L., and Pearson, H. E., Proc. Soc. Erp. Biol. and 
Med., 79, 571 (1952). 
. Schneider, T. R., Phytopathology, 44, 243 (1954). 


BS BSNS 


red 
no- 
lis- 
ues 
ase 
the 
ot 
one 
yl- 
8 
elc 
ms 
nen 
an | 
ut 
5). | 
bi- | 
nd | 
of | 
2), | 
0). 
ed 
ti- | 
ch 
of 
AN- 
ed | 
of | 
rge 
ion 
re- | 
op- 
by 


462 DIAMINOPURINE OXIDATION 


30 


42. 
43. 


Hitchings, G. H., Elion, G. B., VanderWerff, H., and Falco, E. A., J. Biol. Chem., 
174, 765 (1948). 


. Stock, C. C., Williamson, M., and Jacobson, W. E., Ann. New York Acad. Sc., 66, 


1081 (1953). 


. Hertz, R., and Tullner, W. W., Science, 109, 539 (1949). 
. Stock, C. C., Biesele, J. J., Burchenal, J. H., Karnofsky, D. A., Moore, A. E., and 


Sugiura, K., Ann. New York Acad. Sc., 62, 1360 (1950). 


. Burchenal, J. H., Bendich, A., Brown, G. B., Elion, G. B., Hitchings, G. H., 


Rhoads, C. P., and Stock, C. C., Cancer, 2, 119 (1949). 


. Moore, A. E., and Friend, C., Proc. Soc. Exp. Biol. and Med., 78, 153 (1951). 
. Burchenal, J. H., Karnofsky, D. A., Kingsley-Pillars, Ek. M., Southam, C. M., 


Dargeon, H. W., and Rhoads, C. P., Cancer, 4, 549 (1951). 


. Philips, F. 8., and Thiersch, J. B., Proc. Soc. Exp. Biol. and Med., 72, 401 (1949). 
. Friedman, 8., and Gots, J.8., J. Biol. Chem., 201, 125 (1953). 
. Bendich, A., Brown, G. B., Philips, F.S., and Thiersch, J. B., J. Biol. Chem., 188, 


267 (1950). 


. Stone, R. E., and Spies, T. D., Am. J. Med. Sc., 215, 411 (1948). 
. Philips, F.S., Thiersch, J. B., and Bendich, A., J. Pharmacol. and Exp. Therap., 


104, 20 (1952). 
Krebs, E. G., and Norris, E. R., Arch. Biochem., 24, 49 (1949). 
Coombs, H. I., Biochem. J., 21, 1259 (1927). 


zy 
mi 


32 
33 
35 
36 
37 
38 
39 
40 be 
41 
pt 
qu 
pl 
th 
CO 
m 
ce 
ca 
né 
shi 
he 
m 
pl 
m 
fr 
m 
| ol 
is 
| al 
XUM 


THE RELATIONSHIP OF EPINEPHRINE AND GLUCAGON 
TO LIVER PHOSPHORYLASE 


IV. EFFECT OF EPINEPHRINE AND GLUCAGON ON THE 
REACTIVATION OF PHOSPHORYLASE IN 
LIVER HOMOGENATES* 


By T. W. RALL, EARL W. SUTHERLAND, anp JACQUES BERTHETt 


(From the Department of Pharmacology, School of Medicine, 
Western Reserve University, Cleveland, Ohio) 


(Received for publication, July 16, 1956) 


The concentration of active phosphorylase in liver represents a balance 
between inactivation by liver phosphorylase phosphatase (inactivating en- 
zyme) and reactivation by dephosphophosphorylase kinase. The enzy- 
matic inactivation of phosphorylase proceeds with the release of inorganic 
phosphate (2, 3), while the reactivation of dephosphophosphorylase re- 
quires magnesium ions and ATP! and proceeds with the transfer of phos- 
phate to the enzyme protein (4). 

It has been shown in liver slices that epinephrine and glucagon displace 
this balance in favor of the active phosphorylase (5, 6). This report is 
concerned with the demonstration of a similar effect in cell-free liver ho- 
mogenates; 7.e., an increased formation of active phosphorylase occurred in 
cell-free homogenates in the presence of sympathomimetic amines and glu- 
cagon. The relative activities of the sympathomimetic amines in homoge- 
nates were found to be similar to the relative activities determined by liver 
slice technique or by injection into intact animals. 

It has been possible to show that the response of the homogenates to the 
hormones occurred in two stages. In the first stage, a particulate fraction 
of homogenates produced a heat-stable factor in the presence of the hor- 
mones; in the second stage, this factor stimulated the formation of liver 
phosphorylase in supernatant fractions of homogenates in which the hor- 
mones themselves were inactive. 


* This research was supported in part by grants from Eli Lilly and Company and 
from the Cleveland Area Heart Society. A preliminary report was presented at the 
meeting of the American Society of Biological Chemists, Atlantic City, April, 1956 
(1). 

t Fellow of the Rockefeller Foundation. Present address, Department of Physi- 
ological Chemistry, University of Louvain, Belgium. 

'The following abbreviations are used: ATP, adenosine triphosphate; ADP, 
adenosine diphosphate; 5-AMP, adenosine-5-phosphate; Tris, tris(hydroxymethy])- 
aminomethane; TCA, trichloroacetic acid; LP, liver phosphorylase; dephospho-LP, 
liver dephosphophosphorylase; phosphokinase, dephosphophosphorylase kinase. 
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Methods 


Preparation of Liver Homogenates—Mature dogs were killed by severing 
the arteries in the neck under deep secobarbital anesthesia. Mature cats 
were similarly killed under chloroform anesthesia. The livers were per- 
fused with 0.9 per cent NaCl and sliced as previously described (4). The 
slices were rinsed with 5 volumes of 0.9 per cent NaCl and were shaken in 
air at 37° for 15 minutes in 2 to 3 volumes of a mixture containing 0.12 u 
NaCl plus 0.04 m glycylglycine buffer plus 0.001 m potassium phosphate 
buffer at pH 7.4. At the end of the incubation, the medium was decanted 
and the slices were rinsed twice with 3 to 4 volumes of cold 0.33 M sucrose. 
The slices (in 15 to 20 gm. portions) were then homogenized in 2 volumes of 
0.33 M sucrose in an all-glass homogenizer. The homogenates were rou- 
tinely centrifuged at 900 * g for 1 minute before use. 

Fractionation of Homogenates—Low speed centrifugations (up to 1200 x 
g) were conducted in a cold room at 3°, with the horizontal yoke (head No. 
240) on the International centrifuge No. 2. Approximately 25 ml. portions 
of homogenate were placed in 45 ml. Lusteroid tubes and centrifuged for 
10 minutes at the specified centrifugal force. The supernatant fluid 
(1200 X g supernatant fraction) was removed by aspiration. The precipi- 
tate was rehomogenized in an equal volume of 0.25 Mm sucrose, and the 
suspension diluted to the original volume of the homogenate. For ex- 
periments in recombination, these suspensions were centrifuged in 25 ml. 
portions at successively higher speeds, and the resulting precipitate fractions 
were suspended in the 1200 * g supernatant fraction. For other experi- 
ments, these suspensions were centrifuged at 1200 X g, and the resulting 
precipitate was suspended in an equal volume of 0.25 mM sucrose (washed 
liver particles). 

The 11,000 X g supernatant fraction was prepared by centrifugation of 
either the 1200 & g supernatant fraction or the whole homogenate for 15 
minutes at 11,000 * g on the Spinco preparative ultracentrifuge; for some 
experiments, this fraction was centrifuged at either 50,000 X g for 1 hour 
or 100,000 X g for 45 minutes to remove the formed elements. In all cases, 
the supernatant fluid was removed by aspiration. The 100,000 X g super- 
natant fraction at times was dialyzed versus 150 volumes of distilled water 
for 3 hours with shaking. 

Assay of LP in Homogenates and Fractions of Homogenates—Aliquots of 
a homogenate or fraction were added to iced culture tubes containing 
various additions, bringing the final volume to 0.20 to 0.25 ml. The 
basic phosphorylase assay reagent (2.8 ml.), containing glucose-1-phos- 
phate, glycogen, and 5-AMP (7), was added either immediately or after 5 
to 10 minutes of shaking at 30°. After addition of the assay reagent, the 
tubes were incubated 10 minutes at 37°, and the assay was terminated by 
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the addition of 1.0 ml. of 15 per cent TCA. The inorganic phosphate pres- 
ent in an equivalent of 0.15 ml. of reaction mixture was determined by the 
method of Fiske and Subbarow (8), as adapted to the Klett-Summerson 
photometer. Units of phosphorylase activity were calculated as defined 
previously (7). 

Materials—Dephospho-LP was prepared from dog liver as described pre- 
viously (4). Amorphous glucagon samples (about 50 per cent pure) were 
donated by Eli Lilly and Company. /(—)-Epinephrine bitartrate, d(+)- 
epinephrine, /(—)-arterenol bitartrate (/(—)-norepinephrine), and d(+)- 
arterenol bitartrate (d(+-)-norepinephrine) were kindly supplied by M. L. 
Tainter. Amphetamine (Benzedrine) was obtained as the sulfate salt and 
ATP as the crystalline disodium salt. Tris was recrystallized before use 


(7). 
Results 


Effects of Epinephrine and Glucagon in Whole Homogenates—Aliquots of 
homogenates were incubated at 30° with buffer, magnesium ions, and ATP 
in the absence and in the presence of epinephrine or glucagon. Phos- 
phorylase activity was assayed before and after a 10 minute incubation 
(Fig. 1, left-hand bars). Since the homogenate was derived from preincu- 
bated slices, the initial level of active LP was low, most of the phosphory- 
lase being present as dephospho-LP. In the absence of the hormones, only 
a small amount of dephospho-LP was converted to LP during the incuba- 
tion of the homogenate. However, in the presence of the hormones, the 
formation of LP was increased nearly 4-fold. When the homogenate was 
supplemented with purified dephospho-LP, the effect of the hormones was 
magnified so that the formation of LP in the presence of the hormones was 
nearly 7 times that in their absence (Fig. 1). The formation of LP in ho- 
mogenates in either the absence or presence of the hormones required the 
addition of both ATP and magnesium ions. 

Increased formation of LP in the presence of epinephrine and glucagon 
also occurred in homogenates which had been frozen and thawed (Fig. 2). 
Some preparations (dog liver homogenates) have been frozen and stored 
at the temperature of solid CO, for a few weeks without appreciable change 
in properties, except those ascribable to the initial freezing process. The 
principal effect of freezing or other methods of storage of homogenates 
was an increased formation of phosphorylase in the absence of the hor- 
mones, with only a small diminution of the formation of phosphorylase 
in their presence. 

The assumption that an increase in the phosphorylase activity of a ho- 
mogenate corresponded to an increase in the amount of LP formed was 
substantiated by an experiment in which the phosphorylase activity of 
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homogenates incubated with and without epinephrine or glucagon was 
assayed before and after precipitation with ammonium sulfate. The in- 
crease in phosphorylase activity after incubation with the hormones was 
still present after the protein was precipitated twice at 0.67 saturation with 
ammonium sulfate. 
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Fic. 1. The effect of epinephrine and PERiaascewoes on LP formation in a whole and 
fractionated cat liver homogenate. 0.14 ml. of homogenate or homogenate fraction 
was incubated with 2 X 10-? m Tris buffer (pH 7.4), 2.56 &K 10-3 m MgSQ,, and 1.7 X 
10-3 m ATP in the presence and absence of 0.4 y of l-epinephrine plus 1.0 7 of gluca- 
gon. The final volume was 0.20 ml. Dephospho-LP (4.2 units per ml.) was added 
where indicated. The supernatant fraction used in this experiment was the 1200 X 
g supernatant fraction. LP activity was assayed before and after 10 minutes incu- 
bation at 30°. The bars represent the amount of LP formed during the incubation 
period; the cross-hatched portions of the bars represent the increased LP formation 
above that of the control. 


Participation of Particulate Fractions Other Than Intact Cells in Response 
of Liver Homogenates—The probability that the response to epinephrine 
and glucagon in liver homogenates was restricted to unbroken cells re- 
maining in the homogenates was small because, first, partially purified 
dephospho-LP added to liver homogenates participated in the response to 
the hormones (Fig. 1), and, second, the response to the hormones in ho 
mogenates survived the process of freezing (Fig. 2). Furthermore, it was 
possible to observe a good hormone response in preparations which con- 
tained no microscopically detectable intact cells. The preparation used 
in the experiment of Fig. 1 (right-hand bars) was composed of a washed 


UNITS LP FORMEO PER ML 


XUM 


pT. 


T. W. RALL, E. W. SUTHERLAND, AND J. BERTHET 467 


particulate fraction collected at 600 to 1200 X g and the 1200 X g super- 
natant fraction. Microscopic examination of this preparation, with use 
of Wright’s stain or Leishman’s stain, did not reveal the presence of 
either intact cells or intact nuclei. 

Centrifugation of homogenates at 1200 X g or more virtually abolished 
the hormone response in the resultant supernatant fraction (Figs. 1 and 3). 


FRESH HOMOGENATE FROZEN HOMOGENATE 


OF @ NM 


UNITS LP FORMED PER ML 


> @® 


CONTROL GLUCAGON CONTROL GLUCAGON 


Fic. 2. The effect of glucagon on LP formation in a fresh and a frozen homogenate 
of dog liver. 0.15 ml. of homogenate was incubated for 10 minutes at 30° with 4 X 
10°? m Tris buffer (pH 7.4), 4 X 10-? m MgSQ,, 2.8 X 10-3 m ATP, 4.2 units per ml. 
of dephospho-LP, and0.1 mg. per ml. of casein in the presence and absence of 2.5 y of 
glucagon. The final volume was 0.25 ml. The experiment depicted in the left-hand 
bars was performed immediately after preparation of the homogenate, and the ex- 
periment depicted in the right-hand bars with an aliquot of the homogenate which 
had been frozen in a dry ice-alcohol bath and stored 24 hours in solid COs:. 


The recombination of any portion of the particulate fractions sedimenting 
at 1200 X g or less with supernatant fractions resulted in preparations 
which responded to the hormones. In the example shown in Fig. 1 (right- 
hand portion), the addition of a small amount of a washed particulate frac- 
tion collected at 600 to 1200 * g to a 1200 X g supernatant fraction re- 
stored to a large extent the response to the hormones observed in the whole 
homogenate. In this experiment, particulate fractions collected at 0 to 
300 X g and 300 to 600 X g were equally effective in restoring the hormone 
response in the 1200 * g supernatant fraction. In another experiment, a 
mixture of washed particles collected at 1200 X g and the 11,000 X g 
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supernatant fraction exhibited the same hormone response as the homoge- } py 
nate from which the fractions were derived. g 
These experiments have not established any of the cell fractions obtain- 
able by differential centrifugation as the locus of the particle primarily re- | | 
sponsible for the response to the hormones. Intact cells and intact nuclei fj 
appear to be excluded by microscopic examination of active preparations. | g 
Furthermore, results to date have not indicated a close association of the | ¢ 
active particles to the mitochondria. Supernatant fractions, prepared by | y 
0 
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Fic. 3. The effect of epinephrine and glucagon on LP formation in fractions of a 
cat liver homogenate. 0.14 ml. of homogenate or homogenate fraction was incu- 
bated 10 minutes at 30° with 4 X 10-? m Tris buffer (pH 7.4), 2.56 K 10-3 m MgSQ,, 
1.7 X 10-*m ATP, and 4.2 units per ml. of dephospho-LP in the presence and absence 
of 0.4 y of l-epinephrine plus 2.0 y of glucagon. The final volume was 0.20 ml. 


i a, & , 


centrifuging homogenates at 1200 X g, had little or no ability to respond to 
the hormones (Figs. 1 and 3); these fractions would be expected to contain 
the major portion of the mitochondria. However, cytochrome oxidase de- 
terminations by the method of Cooperstein and Lazarow (9) indicated that 
1200 X g supernatant fractions contained only about 30 to 35 per cent of 
the cytochrome oxidase activity of the whole homogenate. Since such 4 
large proportion of the mitochondria appeared to be in the particulate 
fractions collected at 1200 X g, it is difficult to rule out the possibility that 
recombination procedures raised the ratio of mitochondria to other cell 
fractions above some critical level necessary for the hormone response. In 
any event, it is evident that preparations derived from liver homogenates 
required the presence of some particulate fraction in order to show 4 sig- § y 
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nificant increase in the formation of LP in the presence of epinephrine or 
glucagon. 

Relative Activities of Sympathomimetic Amines and Glucagon in Liver 
Homogenates—The magnitude of the increased formation of phosphorylase 
in the presence of the hormones was related to the amount of epinephrine 
or glucagon added to the homogenates. The half maximal response oc- 
curred at a concentration below 1 XK 10-* mM with glucagon and 1 X 10-77 m 
with /-epinephrine.?. It was of interest to estimate the relative activities 
of compounds related to /-epinephrine in the liver homogenate system, 


TABLE I 
Relative Activities of Sympathomimetic Amines in Vitro and in Vivo 


For the liver homogenate assay, 0.15 ml. of frozen dog liver homogenate, diluted 
2.5-fold with 0.33 m sucrose after thawing, was incubated 10 minutes at 30° with 
5 X 10-2? m Tris buffer (pH 7.4), 5 X 10-? m MgSQ,, 3.5 X 10-3 m ATP, dephospho-LP 
(4.8 units per ml.), and bovine serum albumin (87 per ml.) in a final volume of 0.25 
ml. The increase in LP formation owing to the addition of l-epinephrine (5.4 X 
10-* mu to 3.2 X 10-7 M) was compared to that owing to the addition of various amounts 
of the other sympathomimetic amines listed below. The values express the potency 
of these compounds relative to that of l-epinephrine calculated on a molar basis. 


Relative activity 

Liver Intact animal! assay 
l-Epinephrine........... 100 100 100f 
l-Norepinephrine......... 10 16 12f 
d-Epinephrine............ 12 16 
d-Norepinephrine........ 0.4 2 0.6f 
Amphetamine............ 0.0006 0.0 0.0 


* Calculated from the data of Sutherland and Cori (5). 
t Determined by McChesney et al. (10). 


since these compounds vary in potency in vivo. In Table I are listed the 
relative activities of /-epinephrine, d-epinephrine, /-norepinephrine, d-nor- 
epinephrine, and amphetamine in stimulating the net formation of LP in 
liver homogenates. Included in Table I for comparison are relative ac- 
tivities of these compounds in stimulating glucose output of liver slices 
and in causing hyperglycemia in the intact animal. It can be seen that the 
activities of the compounds relative to that of /-epinephrine in liver ho- 
mogenates are similar to those observed in the other systems. 


? The adaptation of the homogenate system to the measurement of small amounts of 
epinephrine and glucagon involved modification of the conditions recorded in Fig. 1. 
The details of these modifications, as well as some applications of this assay system, 
will be reported in a subsequent publication. 
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Production of Factor Active in LP Formation by Particulate Fractions of 
Homogenates in Presence of Hormones—The observation that particulate 
fractions of liver homogenates were essential for the effect of epinephrine 
and glucagon on LP formation prompted experiments in which the washed 
particulate material was incubated with the hormones. Fig. 4 depicts the 
results of a typical experiment. Aliquots of a suspension of washed liver 
particles, collected at 1200 * g, were incubated with ATP and magnesium 
ions in the absence and presence of a mixture of epinephrine and glucagon. 
The entire incubation mixtures were heated in boiling water, chilled, and 
centrifuged. Aliquots of the resulting supernatant fluid (referred to as 
‘boiled extract’? below) were incubated with ATP, magnesium ions, and 
an 11,000 X g supernatant fraction. It can be seen from Fig. 4 that, in 
the presence of the boiled extract derived from particles incubated with 
the hormones, the formation of LP was increased and that the magnitude 
of this increase was related to the amount of boiled extract added to the 
incubation mixture. The boiled extract derived from particles incubated 
in the absence of the hormones, as well as a mixture of the hormones them- 
selves, had only a small effect on LP formation. The addition of magne- 
sium ions and ATP was found to be essential for production of the active 
principle in the presence of the hormones and liver particles and also for 
formation of LP in the 11,000 X g supernatant fraction, either in the ab- 
sence or presence of active preparations of the boiled extract. 

Properties of Active Factor—The stimulation of LP formation in the 
11,000 * g supernatant fraction (Fig. 4) was used to estimate the amount 
of the unknown factor in crude or purified preparations. Before attempt- 
ing purification procedures, some general information about the stability of 
the factor was gathered. The factor survived heating in boiling water for 
3 minutes at pH 7.4 during preparation of the boiled extracts, as well as 
incubation for 24 hours at 25° in 0.1 Nn HCl. After being heated for 30 
minutes in boiling water in 0.05 n HCl, factor preparations retained their 
original activity. It was also determined that the factor was dialyzable 
and was not extracted from aqueous solutions at either pH 7 or pH 1 by 
shaking with n-butanol or diethy] ether. 

Attempts to chromatograph factor preparations on ion exchange resins 
not only resulted in extensive purification of the active principle, but also 
revealed more of its chemical properties. It was found that the factor was 
adsorbed on Dowex 2 chloride from active boiled extract preparations at 
neutral pH and subsequently was eluted with dilute HCl] (0.02 n to 0.1 N). 
Under similar conditions, ATP and ADP remained adsorbed on the resin; 
5-AMP was eluted earlier than the active factor. In 0.05 n HCl, the fac- 
tor was adsorbed weakly to Dowex 50 (hydrogen form) and could be eluted 
by further washing of the resin with 0.05 Nn HCl. Under similar conditions, 
5-AMP was not eluted from the resin, and ADP and ATP were eluted 
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considerably before the factor. By adsorption and elution on ion exchange 
resins, it has been possible to purify the factor by about 500-fold over the 
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Fic. 4. The effect of preparations of the boiled extract on the formation of LP. 
Two 25 ml. portions of a suspension of washed particles in 0.25 m sucrose, derived from 
about 25 gm. of cat liver slices, were incubated with 2 X 10-? m Tris buffer (pH 7.4), 
2.5 X 10-? m MgSQ,, and 1.7 X 10°? m ATP in a final volume of 30 ml. One vessel 
contained 150 y of both l-epinephrine and glucagon (E + G), while the other con- 
tained no added hormones (blank). After shaking for 5 minutes at 30°, the flasks 
were heated in boiling water for 3 minutes and then chilled to 0°. The flask contents 
were centrifuged at 15,000 X g for 15 minutes in the cold. 0.02 ml. and 0.01 ml. ali- 
quots of the supernatant fluids (boiled extracts) were incubated with 0.13 ml. of an 
11,000 X g supernatant fraction of a dog liver homogenate in 4 X 10°? m Tris buffer 
(pH 7.4), 2.5 X 10-3 m MgSQ,, and 1.7 X 10°? m ATP. The final volume was 0.20 ml. 
Control experimental vessels contained either water or 1.2 7 of both l-epinephrine 
and glucagon in place of the boiled extracts. LP activity was assayed before and 
after 5 minutes incubation at 30°, and the bars represent the amount of LP formed 
during this incubation period. 


boiled extract, as judged by the lowering of optical density at 258 my in 
relation to activity in stimulating LP formation in the 11,000 X g super- 
natant fraction.? As yet, no consistent differences in properties have been 


*The active factor recently has been purified to apparent homogeneity. From 
ultraviolet spectrum, the orcinol reaction, and total phosphate determination, the 
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noted between factor preparations derived from the incubation of liver 
particles with epinephrine and those derived from incubation with glucagon. 

Action of Factor in Supernatant Fractions of Liver Homogenates—F actor 
preparations were active in increasing LP formation in supernatant frac- 
tions of liver homogenates obtained by centrifugation at either 1200 or 
11,000 X g. The effect of factor preparations was also apparent in super- 
natant fractions obtained by centrifugation for 45 minutes at 100,000 X g, 


TABLE II 


Effect of Factor Preparations on Formation of LP in 
100,000 K g Supernatant Fractions 


0.13 ml. portions of the fractions from a homogenate of dog liver were incubated 
with 3.6 X 10-2 m Tris buffer, pH 7.4, 2.3 K 10-? m MgSQ,, 1.6 X 10-3 m ATP, dephos- 
pho-LP (5.5 units per ml.), and the additions listed below. The final volume wag 
0.22 ml. The blank and active factor preparations were corresponding fractions 
collected during ion exchange chromatography of boiled extracts derived from the 
incubation of washed liver particles in the absence and presence of epinephrine, 
respectively. The boiled extracts were prepared as described (Fig. 4). LP activity 
was determined before and after 5 minutes incubation at 30°. 


LP formed, 4, 
Fraction of homogenate Additions units per units per 
ml. ml, 
11,000 X g superna- | Water 0.94 
tant fraction 0.6 y glucagon + 0.6 y epinephrine 1.00 +0.06 
Blank factor preparation 0.97 +0.03 
Active factor preparation 1.48 +0.54 
100,000 * g superna- | Water 3.00 
tant fraction 0.6 y glucagon + 0.6 y epinephrine 3.09 +0.09 
Blank factor preparation 2.93 —0.07 
Active factor preparation 3.68 +0.68 
Dialyzed 100,000 X g | Water 3.00 
supernatant frac- | 0.6 y glucagon + 0.6 y epinephrine 3.07 +0.07 
tion Blank factor preparation 3.26 +0.26 
Active factor preparation 3.85 +0.85 


either before or after dialysis. In Table II are recorded the results of an 
experiment in which LP formation in a 100,000 X g supernatant fraction 
before and after dialysis was compared with that in the 11,000 X g super- 
natant fraction from which the 100,000 X g supernatant fractions were de- 
rived. It can be seen that the formation of LP in the three fractions of 


active factor appeared to contain adenine, ribose, and phosphate in a ratio of 1:1:1. 
Neither inorganic phosphate formation nor diminution of activity resulted when the 
factor was incubated with various phosphatase preparations, including prostatic and 
intestinal phosphatase and Russell’s viper venom. However, the activity of the fac- 
tor was rapidly lost upon incubation with extracts from dog heart, liver, and brain. 
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homogenates was increased by the active factor preparation, and the net 
increase in LP formation was nearly the same in all three cases. Thus it 
appeared that the formed elements were not required in the action of the 
factor on LP formation, nor was any readily dialyzable component of the 
supernatant fraction necessary. 

It is of interest to note that the removal of the formed elements of liver 
homogenates by centrifugation at 100,000 X g greatly increased the for- 
mation of LP in the resulting supernatant fraction. In preliminary experi- 
ments, the precipitate collected by centrifugation of homogenates between 
11,000 * g and 100,000 X g (presumably consisting primarily of micro- 
somes and glycogen) was found to inhibit strongly the formation of LP 
from dephospho-LP catalyzed by preparations of partially purified liver 
phosphokinase. 


DISCUSSION 


Differential centrifugation and microscopic examination of fractions ob- 
tained by centrifugation have shown that intact cells are not necessary 
components in the response of liver phosphorylase concentration to sym- 
pathomimetic amines and glucagon. The participation of added dephos- 
phophosphorylase in the activation process and the ability to demonstrate 
hormone effects in previously frozen homogenates were considered addi- 
tional evidence that intact cells were not necessarily involved. The ab- 
solute and relative activities of the sympathomimetic amines and glucagon 
in homogenates, in liver slices, and in intact animals indicate that the phe- 
nomena observed in homogenates may be related to the physiological 
activity of these agents. Although the demonstration that epinephrine 
and glucagon stimulate the net formation of LP in cell-free preparations 
surmounts the problem of dealing with intact cells, the analysis of the 
mechanism of action of the hormones is still complex. 

It has been shown that the response to the hormones occurs in two 
stages, each of which may be eventually broken down into several steps. 
In the first stage, some portion of the particulate fraction of liver homogen- 
ates produces a heat-stable, dialyzable factor in the presence of the hor- 
mones. The identity of the particulate fraction to date has not been re- 
vealed by simple differential centrifugation experiments. The active 
factor produced by the particles in the presence of the hormones has been 
purified considerably, and it seems reasonable that identification of the 
active factor will yield important clues to the process involved in its pro- 
duction and to the mechanism by which it acts. The problem of identifi- 
cation of this substance is complicated by the probability that its molar 
concentration is extremely small in biological preparations. 

In the second stage, this factor somehow influences the reactivation or 
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inactivation reactions occurring in the soluble fractions of homogenates, 
resulting in an increase in the formation of LP. In liver homogenates, the 
reactivation process (conversion of dephospho-LP to LP) is opposed by the 
action of LP phosphatase, and also may be inhibited by various components 
of homogenates, including the microsomal fraction. To date, data have 
not been conclusive enough to distinguish between a stimulation of the re- 
activation process by the hormones via the active factor and an inhibition 
of the inactivation of LP. Preliminary experiments have not shown re- 
producible effects of factor preparations on either purified phosphokinase 
or LP phosphatase; it is possible that the factor may undergo metabolic 
alteration before participating in or affecting one of the two processes. 

It has been shown that heart contains enzymes capable of catalyzing the 
interconversion of LP and dephospho-LP as well as the interconversion of 
the heart phosphorylases (11). Recent experiments have shown that fac- 
tor preparations from either heart or liver increased the conversion of de- 
phospho-LP to LP when this reaction was catalyzed by extracts of dog 
heart. This suggests that tissues other than liver may possess some or all 
of the components involved in the response of liver homogenates to epi- 
nephrine.‘ 


SUMMARY 


1. The formation of liver phosphorylase from dephosphophosphorylase 
in cell-free homogenates of dog and cat liver was increased markedly in the 
presence of either epinephrine or glucagon in low concentration. 

2. The relative activities of sympathomimetic amines in homogenates 
were similar to those observed in liver slices and in the intact animal. 

3. The response to the hormones in liver homogenates was separated 
into two phases: first, the formation of an active factor in particulate frac- 
tions in the presence of the hormones and, second, the stimulation by the 
factor of liver phosphorylase formation in supernatant fractions of ho- 
mogenates in which the hormones themselves had no effect. 

4. The active factor was heat-stable, dialyzable, and was purified con- 
siderably by chromatography on anion and cation exchange resins. 


The authors wish to thank Miss Arleen M. Maxwell, Mr. James W. 
Davis, and Mr. Robert H. Sharpley for technical assistance in these studies. 


* Active factor prepared from muscle particles of dog heart behaved in a manner 
similar to that of the factor from liver when chromatographed on ion exchange resins. 
In addition, it has been possible to observe production of an active factor in particu- 
late preparations from dog skeletal muscle in the presence of epinephrine. 
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IMMUNOLOGICAL DIFFERENCES OF PHOSPHORYLASES 


By WALLACE F. HENION* anno EARL W. SUTHERLAND 


(From the Department of Pharmacology, School of Medicine, Western Reserve 
University, Cleveland, Ohio) 


(Received for publication, July 16, 1956) 


A number of reports in the literature indicate that there are immunolog- 
ical variations in enzymes from different sources (1-4), but these studies 
did not include a comparison of intracellular enzymes from different tis- 
sues of an animal. The experiments reported in this paper were under- 
taken to determine whether a particular enzyme (phosphorylase) differed 
immunologically in the tissues of a single species, certain phosphorylases 
from different species or sources being also included. This information 
may serve as a model to help explain some variations in tissue or organ 
response to certain closely related chemicals. 

Antisera to dog liver phosphorylase (LP) and to dog heart phosphory- 
lase (HP) were prepared. By means of these sera, it was found that phos- 
phorylases differed in their reaction with the antisera, depending on the 
source of the tissue and on the species. 


Materials and Methods 


Materials—Glucose-1-phosphate (G-1-P), glycogen, tris(hydroxymeth- 
yl)aminomethane (Tris), ammonium sulfate, and calcium phosphate gel 
were prepared or treated as described by Sutherland and Wosilait (5). 
Sodium fluoride was obtained from Mallinckrodt, and adenosine-5-phos- 
phate (5-AMP) was purchased from the Nutritional Biochemicals Corpora- 
tion. 

Phosphorylase Preparations—The dog liver phosphorylase used for in- 
jection to produce antisera was highly purified and dialyzed, and corre- 
sponded to the dialyzed and centrifuged fourth alcohol fraction (Step 7) by 
Sutherland and Wosilait (5). The specific activities of these preparations 
were about 24, and were therefore estimated to contain about 80 per cent 
active phosphorylase. Dog liver phosphorylase used for routine testing of 
antisera was less pure, corresponding to a dialyzed third alcohol fraction 
(Step 5). Occasionally crude dog liver phosphorylase was used as de- 
scribed below. Radioactive liver phosphorylase was prepared as described 
by Rall, Sutherland, and Wosilait (6). 

The dog heart phosphorylase for injection was considerably purified and 


* Present address, Vanderbilt University Medical Center, Department of Pediat- 
rics, Nashville, Tennessee. 
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corresponded to the fourth alcohol fraction (Step 3) prepared by Rall, 
Wosilait, and Sutherland (7). The specific activity of this fraction was 
about 5. 

Phosphorylase from other sources was prepared as follows: All the opera- 
tions were carried out at 3°, unless otherwise noted. Approximately 10 
gm. of tissue were sliced into 40 ml. of 0.1 m NaF and 0.005 m K.HPO,. 
Muscle tissue was frozen and sliced with a chisel, and then homogenized 
in a Waring blendor for 2 minutes. The homogenate was adjusted to pH 
6.5 with acetic acid and centrifuged for 10 minutes at 4000 X g to remove 
coarse material. Calcium phosphate gel equal to one-twelfth of the ho- 
mogenate volume was then added, and after 15 minutes was removed by 
centrifugation and discarded. For each 10 ml. of supernatant fluid, 4.6 
gm. of (NH,)2SO, were added; the solution was adjusted to pH 7.2 with 
KOH and centrifuged, and the precipitate was dissolved in 0.1 Mm NaF and 
frozen until used. 

Preparation of Serum for Assay—In most cases, the sera used were “al- 
bumin-free” fractions prepared by precipitating the serum with an equal 
volume of saturated (NH,4)2SO, at pH 7.2. The precipitate was dissolved | 
in 0.9 per cent NaCl and dialyzed for 24 hours against 1 liter of H.O, which 
was changed once during the 24 hour period. The globulin fraction was 
in solution at the completion of the dialysis, possibly because enough salt 
remained. It was necessary to treat this fraction for use in experiments in 
precipitation by adding 0.15 volume of 0.9 per cent NaCl. The precipi- 
tate which formed was removed without affecting the activity of the serum. 
For some experiments, it was necessary to dilute the sera before testing | 
with 0.9 per cent NaCl, since 0.05 ml. of the undiluted antiserum often con- 
tained an excess of antibody for the amount of enzyme used in the stand- 
ard assays. 

Standard Assay—Assays for the effect of the sera on phosphorylase were 
carried out in a total volume of 0.2 ml. Various phosphorylase prepara- 
tions were diluted, so that the original activity per tube was approximately 
equal. The serum was incubated with the phosphorylase for 10 minutes 
at 37° in a solution containing, as a final concentration, 0.033 m Tris, pH 
7.2, and 0.075 m NaF in a volume of 0.15 ml. After this incubation, phos- | 
phorylase activity was determined by measuring the rate of liberation of 
inorganic phosphate from G-1-P, essentially as described by Sutherland 
and Wosilait (5). Phosphorylase reaction mixture (0.05 ml., pH 6.1) was 
added and resulted in a final concentration of 0.036 m G-1-P, 0.1 m Naf, 
and 4.03 mg. per ml. of glycogen. Incubation at 37° was continued for 
10 minutes; then the reaction was stopped by the addition of 1.8 ml. of 
cold 5 per cent trichloroacetic acid. After centrifugation, 1.0 ml. of 
supernatant fluid was used for determination of inorganic phosphate by 
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the method of Fiske and Subbarow (8), as adapted to the Klett-Summer- 
son colorimeter. 


EXPERIMENTAL 


Preparation of Antisera—Young adult albino rabbits and young roosters 
(weight, 1.5 to 2.1 kilos) were used. The roosters injected in the first 
series were white Leghorns; those in the second series were apparently 
hybrids. All injections were given intravenously, in an ear vein in the 
rabbits and in a ventral wing vein in the roosters. Prior to injection, the 


TABLE I 


Antiphosphorylase Activity of Rooster and Rabbit Sera 
after Injection of Dog Liver Phosphorylase 
Highly purified LP was adsorbed on gel and injected intravenously in Amount 
A (28.8 mg. of protein per animal during the series) or in Amount 0.1 A. At the 
times indicated, blood samples were taken and the sera were assayed for antiphos- 
phorylase activity in the standard test system. The results are expressed as the 
per cent inhibition of LP by 0.01 or 0.05 ml. of antisera. 


Rooster antisera Rabbit antisera 
Time of assay 
To Amount A To Amount 0.1A 
days 0.01 ml. 0.05 ml. | 0.01 ml. 0.05 ml. 0.05 ml. 0.05 ml. 

After 6th injection. .. 5 36 43 30 33 
6th 49 13 19 8 8 

‘* “1st booster..... 4 50 22 24 13 

7 26 20 44 23 

7 82 99 18 97 31 43 
er) | oe eee 7 38 99 45 99 43 13 


enzyme preparation was diluted with cold H.O, so that it contained ap- 
proximately 3 to 4 units of enzyme per ml. The enzyme was then ad- 
sorbed on 0.1 volume of calcium phosphate gel. The gel-enzyme precipi- 
tate was resuspended in 0.1 mM NaCl, so that the volume for injection was 
3 ml. 

In the first series (Table I), two rabbits and two roosters served as con- 
trols, and a like number were injected with each of the two different 
amounts of antigen. ‘Two rabbits and two roosters were each given 4.1 
mg. of protein per injection, and a similar number of animals were given 
0.41 mg. of protein per injection. Each series of animals was given a total 
of six injections, equally spaced over a period of 18 days. After the com- 
pletion of this schedule, no further injections were given for a period of 
7 weeks. Each group of animals was then given three booster doses of 
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the gel-adsorbed enzyme. The animals which received the larger dose of 
antigen were given 1.2 mg. of protein per booster injection, whereas those 
receiving the smaller dose were given 0.12 mg. of protein per booster in- 
jection. Thus, one series of animals received a total of 28.8 mg. of pro- 
tein and the other one-tenth of this amount. Control animals were given 
injections of calcium phosphate gel suspended in 0.1 m NaCl. 

It may be seen (Table I) that the response of the roosters was signifi- 
cantly better than that of the rabbits in terms of total antiphosphorylase 
activity, and also that the smaller amount of antigen (Amount 0.1 A) pro- 
duced essentially the same final result as the larger amount (Amount A), 
The amounts of antiphosphorylase activity in the sera of the two animals 
in each group were similar; the average of the two is shown in Table I as 
a single result. The lower antibody titers after a 7 week rest period and 
the response to “‘booster’”’ injections are responses typical of immunologi- 
cal phenomena. 

A second series of animals, all roosters, were given intravenous injections 
of dog liver phosphorylase and dog heart phosphorylase adsorbed on gel 
(Table II). In addition, two roosters were given dog liver phosphorylase 
which was not adsorbed on gel. The roosters injected with the gel-ad- 
sorbed liver phosphorylase received a total of 8.8 mg. of protein in eleven 
injections. Eight injections were given at 3 day intervals, then, after a 
4 week rest period, three more injections were given at 10 day intervals. 

The roosters receiving heart phosphorylase were injected according to 
the same schedule, but were given a total of 5.5 mg. of protein in their 
eleven injections. The roosters injected with liver phosphorylase without 
gel were given a total of eight injections at 3 day intervals, each injection 
consisting of 0.8 mg. of protein. 

The responses (Table IT) of the two animals injected with the same prep- 
aration were similar, but the results summarized in Table II refer to one 
animal only, since the antiphosphorylase activities of sera of the duplicate 
animals were not measured at all the times included. It can be seen that 
the injection of gel-adsorbed enzyme resulted in higher levels of antibody 
than when the enzyme alone was injected. As injections were continued, 
the antibody titers fell in all cases, for reasons which have not been clari- 
fied. After a 4 week rest-period, the levels did not respond to booster 
injections as in the first series. The roosters in the second series showed 
signs of anaphylactoid reactions, such as blanching of the comb and stag- 
gering, whereas the first series of roosters showed no ill effects. 

Properties of Antisera—The antibody was found to be stable when 
stored under a variety of conditions and treated in a variety of ways. 
The sera retained the same amount of antiphosphorylase activity, whether 
stored at room temperature for several days, frozen for months, or re- 
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peatedly thawed and frozen. The antiphosphorylase activity was fully 
retained after the preparation was heated at 56° for 30 minutes. Thus it 
seems likely that a complement is not necessary for the antiphosphorylase 
activity as tested in the standard assay system. 

It was observed that the serum exerted its inhibitory effect in a very 
short time. When the serum was combined with the enzyme, the same 
quantitative effect was noted in 5 minutes at 3° as in 10 minutes at 37°. 
When enzymatic activity was determined immediately after the antiserum 
and enzyme were added simultaneously with no preincubation, the in- 


TaBLeE II 


Antiphosphorylase Activity of Rooster Serum after Injection 
of Dog Liver and Dog Heart Phosphorylase 


Highly purified LP (8.8 mg. of protein per series) was injected intravenously in 
solution or adsorbed on gel. Partially purified HP (5.5 mg. of protein per series) 
was adsorbed on gel before injection. At the times indicated blood samples were 
taken and the sera were assayed for antiphosphorylase activity in the standard 
test system, except that the antisera to heart phosphorylase were tested against 
heart phosphorylase. The results are expressed as the per cent inhibition of phos- 
phorylase by 0.01 or 0.05 ml. of antisera. 


Enzyme preparation injected 
Time of assay 
LP — LP with gel HP with gel 
days 0.05 ml. 0.01 ml. 0.05 ml. 0.05 ml. 
After 4th injection........... 4 48 90 98 88 
6th 4 33 75 83 
8th 4 36 26 76 
8 26 61 


hibitory effect was only about 10 per cent less than when the two were 
preincubated for 10 minutes at 37°. 

Unfractionated control serum displayed a small but significant (5 to 10 
per cent) inhibitory effect on phosphorylase activity. The “albumin- 
free” control serum exerted essentially no inhibitory effect on the enzyme. 
For this reason, all sera used in subsequent experiments were first frac- 
tionated with (NH,)2SO, to remove most of the albumin component. 

Effect of Substrates, Etc.—Several investigators have found that an en- 
zyme may be protected against its antibody by the substrate or a cofactor 
(2,4,9, 10). In this investigation, it was found that, when increased con- 
centrations of G-1-P were used in the test system, no effect was observed 
on the antiphosphorylase activity. Moreover, preincubation of phos- 
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phorylase with 5-AMP did not protect the enzyme from the inhibitory 
effect of the serum. On the other hand, when increased amounts of gly- 
cogen were preincubated with the enzyme, a significant amount of protec- 
tion of the enzyme resulted. An amount of serum which inhibited the 
enzyme 30 per cent in the absence of glycogen inhibited only 6 per cent of 
the enzyme activity when the enzyme and glycogen (5 to 25 mg. per ml.) 
were preincubated for 10 minutes at 37°. High concentrations of NaF 
(to 0.3 m), one of the chief constituents of the reaction mixtures, had no 
effect on the inhibitory properties of the serum. Ammonium sulfate, pres- 
ent in many of the enzyme preparations used later, similarly had no sig- 
nificant effect on the antigen-antibody reaction when tested at a final con- 
centration of 0.2 m. 

Precipitates of Antigen-Antibody—Sera which had been precipitated with 
ammonium sulfate and treated with NaCl as described were used to study 
the possible precipitation of the antigen-antibody complex. In one series 
of experiments, control serum and liver phosphorylase antiserum were 
added to radioactive liver phosphorylase (labeled with P®). The radio- 
active phosphorylase (0.2 ml.) was mixed with 0.5 ml. of the sera and 0.05 
ml. of 0.75 m NaF, which was included in order to minimize the possibility 
of enzymatic inactivation of the phosphorylase. The mixtures were al- 
lowed to stand for 3 hours, at which time heavy precipitation had occurred 
in the tubes containing antiserum, while no precipitation had occurred in 
the tubes containing the control serum. After centrifugation, the anti- 
serum precipitate contained most of the radioactivity; little radioactivity 
remained in the supernatant fluid. No visible precipitate was obtained 
from the tubes containing the control sera, and the radioactivity remained 
in the supernatant fluid after centrifugation. 

In other experiments, enzymatic activity of precipitates and supernatant 
fluids was determined after incubation of control serum and antiserum with 
phosphorylases. Antisera to liver phosphorylase were incubated with 
liver phosphorylase, and antisera to heart phosphorylase with heart phos- 
phorylase. No precipitate was formed when the enzymes were mixed 
with control sera, but they were formed when the phosphorylases were 
combined with their respective antisera. After centrifugation and removal 
of the precipitate, phosphorylase activity in the supernatant fluid was de- 
creased or absent, depending on the relative amounts of antigen and anti- 
body. ‘The washed and resuspended precipitates were not enzymatically 
active in the standard assay system for phosphorylase. It seems clear 
that the antibodies were able to form precipitates with the antigen as well 
as to obliterate the enzymatic activity of the antigen. 

LP Antiserum; Species Variation—Antiserum prepared from roosters 
injected with dog liver phosphorylases was incubated with liver phosphory- 
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lase from several species. The phosphorylases tested in the following ex- 
periments were prepared by homogenization in fluoride, centrifugation, 
gel treatment, and ammonium sulfate precipitation. The results of these 
experiments are summarized in Fig. 1. It can be seen that the antiserum 
had less of an inhibitory effect on the other enzymes tested than it did on 
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Fic. 1. Effect of different amounts of dog LP antiserum on liver phosphorylases 
from four animals. Liver phosphorylases were incubated for 10 minutes at 37° in 
the standard assay with 0.003, 0.01, or 0.05 ml. of antiserum or control serum from 
chickens. Phosphorylase activity was then measured, and the per cent inhibition 
caused by the antiserum is represented by the height of the bars. 


dog liver phosphorylase. No effect was observed when rooster liver phos- 
phorylase was used. These quantitative differences in effect were ob- 
served with all volumes of antiserum used. The antiserum was also incu- 
bated with potato phosphorylase, and no antiphosphorylase activity was 
detected. 

HP Antiserum; Species Variations—Antiserum to dog heart phosphory- 
lase was prepared by injecting roosters with the enzyme. This antiserum 
was incubated with phosphorylase from hearts and livers of several species 
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of animals. The latter enzymes were prepared by homogenization in 
fluoride, centrifugation, gel treatment, and ammonium sulfate precipita- 
tion (see above). It was found that this antiserum inhibited cat heart 
phosphorylase 30 and rooster heart phosphorylase 7 per cent, whereas it 
inhibited dog heart phosphorylase 75 per cent. Phosphorylases from 
rooster, rabbit, and cat livers were not inhibited at all by this antibody. 
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Fic. 2. Effect of dog LP antiserum on dog tissue phosphorylases. The antiserum 
from chickens was added in amounts (0.05 ml.) sufficient to abolish the activity of 
approximately 4 times the amount of LP added. After 10 minutes at 37°, phos- 
phorylase activity was measured in the presence or absence of 1.5 K 107? m 5-AMP. 
The results are those obtained in the presence of 5-AMP. 


LP Antiserum; Tissue Variation—Phosphorylase was prepared from 
tissues of dogs, namely brain, diaphragm, liver, heart, smooth muscle 
from small intestine, and gastrocnemius muscle, by the same method as 
already described for hearts and livers of various species. The results, 
after these enzymes were incubated with antiserum to dog liver phos- 
phorylase, are summarized in Fig. 2. Liver phosphorylase was inhibited 
much more by LP antiserum than were the other phosphorylases. In 
these studies, the amount of antiserum necessary to produce significant 
effects on other phosphorylases was sufficient to abolish the activity of 
about 4 times the amount of liver phosphorylase added. Since the en- 
zymes from tissue other than liver were composed of approximately equal 
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amounts of ‘‘a’’ and ‘‘b”’ forms, they were tested without and with 1.5 X 
10° m 5-AMP. (The‘b” forms are enzymatically inactive in the absence 
of 5-AMP and are active when tested in the presence of 5-AMP.) It was 
found that phosphorylase from brain, skeletal muscle, and diaphragm were 
inhibited only slightly more (5 per cent) in the absence of 5-AMP. Smooth 
muscle phosphorylase (intestinal) was inhibited 17 per cent in the presence 
of 5-AMP and 45 per cent without 5-AMP, and was the only phosphory- 
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Fic. 3. Effect of dog HP antiserum on dog tissue phosphorylases. The anti- 
serum from chickens (0.05 ml.) was incubated with the phosphorylases for 10 minutes 


at 37°; then phosphorylase activity was measured in the presence of 1.5 X 10-3 m 
5-AMP. 


lase tested which showed this considerable difference. The per cent in- 
hibition of dog heart and liver was unaffected by the addition of 5-AMP. 

HP Antiserum; Tissue Variation—Antiserum to dog heart phosphorylase 
was tested against the tissue preparations described previously. ‘These 
results are summarized in Fig. 3. It can be seen than this antiserum was 
less inhibitory toward the other phosphorylases than toward the enzyme 
to which it was prepared. Phosphorylase from intestinal smooth muscle 
was inhibited slightly, and liver phosphorylase activity was not affected 
by this antiserum. It may be noted that the antiserum to HP is relatively 
more effective against phosphorylases from striated muscle than the anti- 
serum to LP. 
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Specificity of LP Antiserum—That the difference in the inhibitory effect 
of the LP antiserum on different enzymes was not owing to the presence 
of an interfering substance in the crude extracts was shown in two ways, 
First, dog liver phosphorylase used in the studies of species and tissue vari- 
ation was prepared in the same manner as the phosphorylases from other 
sources. Moreover, it was shown in the standard assay that this anti- 
phosphorylase activity of the antiserum was the same when tested with 
the cruder liver phosphorylase as when tested with a highly purified phos- 
phorylase. Second, a purified preparation of dog liver phosphorylase was 
mixed with the crude extract of a tissue which was not inhibited by the 
serum (Table III). The amount of activity remaining after incubation 


TaBLeE III 
Specificity of Dog LP Antiserum 
Purified dog LP, rooster LP, and potato phosphorylase were tested separately or 
mixed as indicated below, after preincubation with control or dog LP antiserum. 
The antiserum was added in amounts sufficient to inhibit completely 4 times the 
amount of dog LP used. Incubation conditions were those of the standard test 
system and the results are expressed in Klett readings. 


Phosphorylase preparation Control serum Antiserum 
Rooster LP + dog LP........................ 274 154 
Potato phosphorylase......................... 141 147 
Potato phosphorylase + dog LP.............. 280 148 


with an excess of antibody was equal to that of the added crude phosphory- 
lase preparation. 

Effect of LP Antiserum on Liver Slices—There is some evidence indicating 
that antibodies are unable to penetrate or cross cell membranes readily 
and the following experiment supports this evidence. Thin slices of cat 
liver weighing between 52 and 63 mg. were incubated, with shaking, for 
45 minutes at 37° in a medium consisting of 0.7 ml. of control or LP anti- 
serum, 0.5 ml. of 0.05 n KPO, (pH 7.2) in 0.308 n NaCl, and 0.2 ml. of 
1:5000 epinephrine. It was found that the antiserum had no effect on 
glucose output or glycogen content of the slices. 


DISCUSSION 


The primary purpose of this investigation was to determine whether the 
enzyme phosphorylase from one tissue was identical to or different from 
phosphorylase from another in the same animal, with the belief that this 
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information might be helpful in understanding some variations in the re- 
sponse of different tissues to chemical or pharmacological agents. For 
example, a given chemical agent A may be more effective than a closely 
related chemical B when one tissue is tested for some response, while, on 
another tissue, chemical agent B may be more effective than A. It is 
probable that a number of factors play a role in these variations, and such 
factors as cell permeability, different rates of modification of the chemical, 
etc., may be most important in any given case. The possibility also 
existed that a specific component of the cells might differ from tissue to 
tissue. Since phosphorylases from dog liver and heart were available for 
study, they were used as an example of a specific component of cells. Anti- 
bodies to these phosphorylases were produced, and the effect of these anti- 
bodies on phosphorylases from different tissues of a dog was studied. The 
data presented in this paper, based on experiments with two different anti- 
bodies, indicate that the phosphorylases from different organs in the same 
animal are not identical. In some cases the immunological differences were 
very marked; e.g., the antiserum to heart phosphorylase did not inhibit 
liver phosphorylase at all in the amounts tested. 

The genetic control of enzyme formation is being actively investigated 
by numerous investigators, and there is considerable evidence that even 
a single gene may control the formation of a single enzyme. If one or 
more genes in an animal control enzyme formation, one might expect the 
enzyme structure in different tissues of the same animal to be identical. 
It was concluded from the experiments reported here that the enzyme 
phosphorylase differed in various tissues of an animal. It seems probable 
that a given tissue modifies the specific enzyme (phosphorylase) if there 
is indeed a close relationship of genes to enzymes. 

Several investigators have reported antibodies to enzymes which are 
specific for one species of animals (1-4). In the present investigation, 
similar findings were noted; 7.e., the phosphorylase of liver and heart from 
other species differed in their response to the dog antisera. The species 
differences were sometimes marked, but in some cases there was less dif- 
ference noted between species than between different tissues of the same 
animal. 

The current study does not yield information regarding the nature or 
the magnitude of differences in the structure of the phosphorylases. It is 
possible that variations in chemical composition or spatial arrangements, 


or both, may account for the immunological differences. Certain biochemi- 


cal or kinetic differences of phosphorylases have been observed; e.g., dog 
heart phosphorylase can be converted to a ‘‘b” form enzymatically while 
liver phosphorylase is converted to a different “inactive” form by the 
same enzymes (7). These findings are compatible with the conclusion 
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drawn from immunological studies that the phosphorylases from different 
tissues of the dog are different. 


SUMMARY 


1. Liver phosphorylase and heart phosphorylase from dog were injected 
into roosters and rabbits, and antibodies to these enzymes were obtained, 

2. The antibodies reacted with their respective antigens (phosphorylases) 
so that enzymatic activity was lessened or abolished. Antigen-antibody 
precipitates were also formed, and these complexes were enzymatically in- 
active. 

3. When the antisera were tested against phosphorylases from different 
organs of the dog, it was found that the phosphorylases from different or- 
gans did not react to the same extent with the antisera. In some cases, 
the differences were great; e.g., the antiserum to heart phosphorylase did 
not inhibit liver phosphorylase at all in the amounts tested. 

4. Phosphorylases from the same organ but from different species also 
varied in the extent of reaction with the antiserum. 

5. The results of these experiments demonstrate that the phosphorylases 
from different organs of the same animal are immunologically different. 
They also confirm the reports that an enzyme from the same organ of dif- 
ferent species may differ immunologically. 
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FORMATE METABOLISM BY ANIMAL TISSUES 


I. METABOLISM OF FORMATE-C" BY ISOLATED RABBIT AND RAT 
JEJUNUM* 


By JOHN F. OROfT anv D. A. RAPPOPORT 


(From the Department of Radiology and Biochemistry, Baylor University College 
of Medicine, Houston, Tezas) 


(Received for publication, June 4, 1956) 


Studies on the mitotic and metabolic activities of the intestine have 
established that the jejunum is one of the most active tissues (1-3). It has 
been shown that injected inorganic phosphate-P*?, methionine-S**, and 
formate-C™ are rapidly incorporated into the jejunum of the mouse and 
rat (2-6). Skipper has demonstrated that, when formate-C"™ is injected 
into mice, the jejunum incorporates a larger amount of this substrate 
than any other tissue (2, 3). 

Since the reports on the metabolism of the jejunum have been based on 
studies in vivo, it was of considerable interest to investigate the mechanism 
of formate-C“ metabolism by isolated jejunum tissue. 

The studies reported here show that a major portion of formate metabo- 
lized by jejunum sections is incorporated into serine, cystathionine, and 
other acid-soluble products. Formation of these components is markedly 
enhanced by homocysteine and 4-amino-5-imidazolecarboxamide (AICA). 
The interrelationship of these products in the over-all metabolism of for- 
mate in vitro in jejunum tissue is discussed. 


EXPERIMENTAL 


Young albino rabbits and Sprague-Dawley rats were maintained on an 
unrestricted normal diet until they were used. Prior to the time of exper- 
imentation, the animals were fasted for 24 hours, then were killed by cer- 
vical rupture, and the jejunum was rapidly removed and freed of connec- 
tive tissues. The lumen was flushed with cold isotonic saline (pH 7.4), slit 
longitudinally, blotted with filter paper, and cut into small sections. These 
operations were carried out in a cold room maintained at 5-7°. 

Tissue incubations were carried out in a Dubnoff metabolic shaker with 
1 gm. of tissue, unless otherwise specified under the tabulated data, at 37° 
for 2 to 3 hours, in either phosphate or bicarbonate Krebs-Ringer buffers 


* This study was supported by a research grant from the American Cancer Society, 
as recommended by the Committee on Growth of the National Research Council. 

t Present address, Department of Chemistry, University of Houston, Houston, 
Texas. 
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plus added products. The gas phase was either oxygen or oxygen with 
5 per cent carbon dioxide. The exact experimental conditions for each 
experiment are described in Tables I toIV. In order to collect the carbon 
dioxide for analysis of radioactivity, some incubations were carried out in 
stoppered 30 ml. bottles with wide mouths, containing small test tubes with 
0.5 ml. of 20 per cent KOH and a folded filter paper. When bicarbonate 
buffer was used, the small test tubes for the absorption of carbon dioxide 
were left empty, and, after incubation, the alkali was injected into these 
tubes through the rubber stopper by means of a hypodermic syringe. 

After incubation, the reaction was terminated by the injection of 20 per 
cent trichloroacetic acid (TCA) to a final concentration of 5 per cent. The 
flasks were then left at 5—7° for 2 hours to complete absorption of carbon 
dioxide. Subsequently, the alkali tubes containing absorbed carbon diox- 
ide were removed, and barium carbonate was precipitated and prepared for 
C* analysis (7). 

The cold inactivated incubation mixture was centrifuged and the super- 
natant solution separated from the precipitate, which was washed with cold 
3 per cent TCA and centrifuged. This was repeated once. The washings 
and the first supernatant solution were combined. To this, 0.5 ml. of 90 
per cent formic acid was added, and this solution was extracted three times 
with 2 volumes of ether, leaving the aqueous phase nearly neutral to litmus. 
The resulting solution was designated as the “‘acid-soluble fraction.” To 
remove unchanged formate-C"™, aliquots of this solution were transferred 
to glass planchets, 0.4 ml. of 50 per cent formic acid was added, and the 
planchets were dried at 60° in a stream of air for0.5 hour. This treatment 
was repeated until C activity in the planchet remained constant, as de- 
termined with a thin window Geiger-Miiller tube. 

The TCA-insoluble residue was extracted twice with alcohol, suspended 
in a solution of ether-alcohol (1:1 by volume), heated at 60° for 4 minutes, 
and centrifuged. This treatment was repeated twice to complete extrac- 
tion of lipides. The alcohol and the ether-alcohol extracts were combined 
and designated as the ‘“‘lipide fraction.”’ Aliquots were transferred to 
planchets and dried in air at 60° prior to determination of C" activity. 

The residue left after extraction of the lipides was suspended in ether, 
centrifuged, dried in air, and ground to a fine powder. This powder was 
designated as the “‘acid-insoluble fraction.”” Weighed portions were trans- 
ferred to planchets; 90 per cent formic acid was then added dropwise until 
the powder dissolved. The planchets were dried at 60°, and C™ activity 
was determined. The over-all sampling and counting errors were within 
5 per cent. 

Radioactive products in the acid-soluble fraction were separated and 
identified by paper chromatography. For descending two-dimensional 
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chromatography, the following solvents were used: n-propanol, formic 
acid, and water (75:15:10) and 80 per cent aqueous phenol. For unidimen- 
sional chromatography, n-butanol, diethylene glycol, and water (4:1:1) 
and ethanol, formic acid, and water (80:5:15) were used, respectively. Ra- 
dioactive components were detected by scanning the chromatograms with 
a thin window Geiger-Miiller tube and also by autoradiography on x-ray 
film. The radioactive areas on the chromatograms were then eluted with 
distilled water, and the solutions evaporated almost to dryness and chro- 
matographed with different solvents. Ninhydrin was used to locate amino 
acids, and platinic iodide to identify the sulfur-containing amino acids (8). 


Results 


Over-All Metabolism of Formate-C“—The distribution of C after incuba- 
tion of rabbit jejunum tissue with formate-C™, glucose, pt-homocysteine, 
and AICA is shown in Table I. Phosphate and bicarbonate buffers gave 
identical results. Of the added formate, only 54 per cent was metabolized. 
More than half of the metabolized formate was incorporated into the acid- 
soluble fraction and 16 per cent was oxidized to carbon dioxide. 

Effect of Homocysteine and AICA—Since the reports of Berg on pigeon 
liver (9) and Miller on rat liver (10) have implicated homocysteine, AICA, 
and glycine in the metabolism of formate, the effect of these compounds on 
formate-C™“ metabolism of jejunum was studied (Table II). Neither pt- 
homocysteine nor AICA alone enhanced incorporation of formate into the 
acid-soluble or acid-insoluble fractions of rabbit jejunum. However, when 
these compounds were combined, formate incorporation was enhanced 
approximately 3-fold into the acid-soluble fraction and 2-fold into the acid- 
insoluble fraction. Glutathione, L-cysteine, or ascorbic acid could not 
substitute for pL-homocysteine in enhancing incorporation of formate, as 
is illustrated in Fig. 1. The optimal concentration of AICA for this en- 
hancing effect was approximately 0.010 m when pL-homocysteine concentra- 
tion was 0.020 M. 

Experiments with rat and pigeon jejunum gave similar results to those 
observed with rabbit jejunum tissue (Table IIT). 

Effect of Glycine—When glycine was present as the only addition product 
during incubation of rabbit and rat jejunum, formate-C™ incorporation was 
significantly enhanced. Further addition of either L-glutamine or gluta- 
mine and homocysteine did not change the effect produced by glycine 
alone. ‘Table IV shows the results of these experiments. 

Products of Formate-C™“ Incorporation—The components of the acid-solu- 
ble fraction were separated by ascending paper chromatography and the 
radioactive compounds were located. Three positions on the unidimen- 
sional paper chromatogram contained most of the C™ activity (Fig. 2). 
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Two-dimensional paper chromatography of the acid-soluble fraction, fol- 
lowed by autoradiography and ninhydrin spraying of the chromatotgram, 


TaBLeE I 
Distribution of C'* among Fractions of Rabbit Jejunum Tissue 
after Incubation with Formate-C'4 


C* activity, c.p.m. X 107¢ 
Fraction 
Bicarbonate buffer Phosphate buffer 
(Medium A)* (Medium B) 
Metabolized 2.48 2.49 
Unchanged 2.00 1.92 
Original formate-C"™ added.................. 4.60 4.50 


5 gm. of rabbit jejunum were incubated in 10 ml. of medium. 

* Medium A, Krebs-Ringer bicarbonate in O2-5 per cent CO2 atmosphere; Medium 
B, Krebs-Ringer phosphate in oxygen atmosphere. Time, 3 hours; temperature 
37°; additions, glucose 0.020 m, pLt-homocysteine 0.020 m, AICA 0.010 m, formate-C™ 
0.001 


TABLE II 


Influence of Homocysteine and AICA on Formate-C'* Incorporation 
into Rabbit Jeyunum 


activity, c.p.m. X 107% 
Additions 
Acid-soluble fraction Acid-insoluble fraction 
pL-Homocysteine.................. 27.7 3.6 
pui-homocysteine.......... 99.0 7.8 
+> | 30.4 1.6 


1 gm. of rabbit jejunum was incubated in 2 ml. of Krebs-Ringer phosphate buf- 
fer, pH 7.4, at 37°, in O2 for 3 hours. Formate-C'* 0.004 mM; 4.9 X 105 c.p.m. per 
beaker. All other additions, 0.018 m. 


indicated the presence of cystine-C", cystathionine-C™, serine-C™, methi- 
onine-C", and a few unidentified radioactive spots. Fig. 3 is a representa- 
tive drawing of such an autoradiogram. The serine and cystathionine 
spots contained more than 50 per cent of the total radioactivity. 
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AICA+HOMOCYSTEINE 


@« AICA+GLUTATHIONE 
+ AICA+ASCORBIC ACID 


70 130 190 


INCUBATION TIME IN MINUTES 
Fic. 1. Effect of pL-homocysteine in the presence of AICA on the incorporation of 
formate-C™ into the acid-soluble fraction of rabbit jejunum. Incubations were made 
with 1 gm. of jejunum in 2 ml. of Krebs-Ringer phosphate, pH 7.4, at 37° in O: at- 
mosphere. The media contained glucose 0.020 m, pt-homocysteine 0.020 m, and for- 
mate-C'4 0.010 m, with 1.0 X 10° c.p.m. per flask. All other additions were at 0.010 m. 


= @ 


TaBLeE III 


Formate-C™ Incorporation into Acid-Soluble Fraction of Isolated Jejunum 
of Rat and Pigeon 


C* activity, c.p.m. X 10% 


Jejunum Additions 
Acid-soluble fraction 


3 


None 

pL-homocysteine 

AICA 
+ pi-homocysteine 
+ L-cysteine 


Pigeon 


WO Cr 


or or or or or 


+ pi-homocysteine 


| Jejunum sections were incubated in 2 ml. of Krebs-Ringer phosphate buffer, pH 
, 7.4, at 37°, in O2-5 per cent CO, for 3 hours. Formate-C* 0.004 m; 4.9 K 105 c.p.m. 
, per flask. All other additions, 0.018 m. 

e * Jejunum sections were incubated in 2.5 ml. of Krebs-Ringer phosphate buffer, 
pH 7.4, at 40° for 3 hours. AICA 0.010 m, pt-homocysteine 0.020 m, pyruvate 0.020 
M, formate-C'* 0.008 m; 1.6 X 10° c.p.m. per flask. 
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TABLE IV 
Effect of Glycine on Incorporation of Formate-C"* by Isolated Jejunum 


activity, c.p.m. 1073 
Additions 
Acid-soluble fraction | Acid-insoluble fraction 
Rabbit None 26.5 3.8 
Glycine 36.8 
+ L-glutamine 37.0 8.1 
+ .-glutamine + 34.0 8.8 
pL-homocysteine 
Rat* None 274 7.7 
Glycine 362 11.8 


C'ACTIVITY (CPM PER 


1 gm. of rabbit jejunum was incubated in 2 ml. of Krebs-Ringer phosphate buffer, 
pH 7.4, at 37° for 3 hours in O,2-5 per cent CO.; formate-C!4 0.002 Mm; 4.9 X 105 ¢c.p.m. 
per beaker. All other additions, 0.005 m. 

* 0.5 gm. of rat jejunum was incubated in 2.5 ml. of Krebs-Ringer phosphate buf- 
fer, pH 7.4, at 37°, in air for 3 hours. Glycine 0.004 m, glucose 0.005 M, pL-homo- 
cysteine 0.004 m, formate-C" 0.002 m; 4.9 X 10° ¢.p.m. per beaker. 
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< DISTANCE IN CENTIMETERS > 
Fig. 2. Distribution of C' activity along a paper chromatogram after unidimen- 
sional chromatography of the acid-soluble products formed from formate-C" by rab- 
bit jejunum. 


Isolation of Serine and Cystathionine—To separate portions of the acid- 
soluble fractions from incubations of rabbit jejunum tissue with formate- 
C4, homocysteine, and AICA, carrier serine and cystathionine were added. 
Each of these compounds was isolated as a crystalline product which was 
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recrystallized four to five times, until it showed constant specific activity. 
Serine decomposed at 235-237° and cystathionine at 245-250°. 


SOLVENT FRONTS 
| (2?) (?) 
a 100 METHIONINE 164 
< 150 

Z 
a CYSTATHIONINE 
860 
(2?) 
230 


_S CYSTINE 160 


PrOH - FORMIC ACID - H,O > 


Fic. 3. A drawing of an autoradiogram from a two-dimensional chromatogram. 
The C'* components in the acid-soluble fraction from an incubation of rabbit jejunum 
with formate-C'*, pL-homocysteine, and AICA. 


DISCUSSION 


This investigation has demonstrated that rabbit and rat jejunum tissues 
metabolize formate-C" predominantly for the formation of serine, cys- 
tathionine, cystine, methionine, and other unidentified acid-soluble com- 
ponents. Some of the formate is incorporated into the lipide and protein 
fractions, and the rest is oxidized to carbon dioxide. Similar to the findings 
reported by other investigators on formate metabolism in pigeon liver ex- 
tracts (9), in guinea pig tissue (11), and in rat tissues (12), the products 
derived from formate-C™ can be formulated as follows: 


(1) Formate-C™ + glycine — serine-C™ 

(2) Serine-C'* + homocysteine — cystathionine-C"* 
(3) Cystathionine-C™ — cysteine-C™ + homoserine 
(4) 2(Cysteine-C") — cystine-C™ 


(5) Formate-C" + homocysteine — methionine-C" 
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Reaction 1 has been established by the work of Shemin (13), Sakami 
(14), and Siekevitz and Greenberg (15). The condensation of serine and 
homocysteine to form cystathionine (Reaction 2) was elucidated by Bink- 
ley and du Vigneaud (16, 17), as was the cleavage of cystathionine to cys. 
teine and homoserine (Reaction 3) (18). The formation of methionine 
from homocysteine and formate (Reaction 5) has been demonstrated by 
Sakami and Welch (12) and Berg (9, 11). The above reactions account 
for the formation of the acid-soluble components from formate-C™, glycine, 
and homocysteine. 

The combination of homocysteine and AICA enhances the incorporation 
of formate-C* in all fractions of rat and rabbit jejunum tissue (Table I] 
and Fig. 1). This was specific with respect to homocysteine. A similar 
observation has been made by Berg (9), with use of pigeon liver extracts, 
However, the presence of AICA was not obligatory. Berg’s postulated 
role for homocysteine as an intermediate formyl] transferring agent (9) sug- 
gests a possible relationship between homocysteine and AICA in formate 
utilization by jejunum. If a formyl-S-homocysteine is formed, it can 
transfer the formyl group to AICA or AICA ribotide (19), thus generating 
5-formamido-4-imidazolecarboxamide or the corresponding ribotide (FAI- 
CAR), which can then undergo transformylation reactions. 

The influence of AICA in the presence of homocysteine, in enhancing 
formate-C™ incorporation into the acid-soluble components, can thus 
be explained by the synthesis of FAICAR (from AICA, formate, and endog- 
enous ribose phosphate), followed by either of two possible reactions: (1) 
transfer of the C, group to the folic acid derivatives, and subsequently to 
glycine or homocysteine (20, 21), or (2) direct transformylation to acceptor 
amino acids. Warren and Flaks (22) have recently reported the reductive 
transformylation of carbon 2 of inosinic acid (or the formyl] group of FAI- 
CAR) to glycine, thus generating AICA and serine as products. Since 
this reaction is reversible, this indicates that AICAR can accept a C; group 
from appropriate donors. 

Homocysteine may also function in the reduction of folic acid to tetra- 
hydrofolic acid either directly (23, 24) or through interaction with di- or 
triphosphopyridine nucleotide systems (25). The mechanism of homo 
cysteine and AICA in stimulating formate incorporation is being investi- 
gated further at present in this laboratory. 

Enhanced formate incorporation effected by glycine (Table IV) may be 
attributed to the increased formation of serine in the acid-soluble fraction 
and also to the increased generation of the purine precursors, such as gly- 
cinamide ribotide (26). The presence of glucose under aerobic conditions 
can be considered as a source of ribose phosphate for this purine precursor. 

The above data present evidence that rat and rabbit intestinal tissues 
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incorporate formate-C" into serine, cystathionine, cysteine, and methionine 
by a series of known mechanisms similar to those reported in other tissues 
and various organisms. 


SUMMARY 


1. Rabbit jejunum segments metabolized formate-C™ to yield serine, 
cystathionine, cystine, methionine, and carbon dioxide. Formate was also 
incorporated into proteins and lipides. 

2. Total formate incorporation was enhanced approximately 2-fold by 
the addition of glycine and 3-fold by the combined addition of pLt-homo- 
cysteine and 4-amino-5-imidazolecarboxamide (AICA). The addition of 
pt-homocysteine alone or AICA alone did not produce any increase in 
formate-C* incorporation. 

3. The effect of homocysteine was specific and could not be reproduced 
by L-cysteine, glutathione, or ascorbic acid. 

4. Rat and pigeon jejunum tissues yielded qualitatively similar results 
to those observed with rabbit jejunum tissue. 

5. Mechanisms for the synthesis of amino acids from formate in jejunum 
and the roles of homocysteine, AICA, and glycine in these syntheses are 
discussed. 
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GALACTOLIPIDE METABOLISM * 


By NORMAN §S. RADIN, FRANCES B. MARTIN, ann JAMES R. BROWN 


(From the Radioisotope Service, Veterans Administration Research Hospital, and the 
Department of Biochemistry, Northwestern University Medical School, 
Chicago, Illinois) 


(Received for publication, July 16, 1956) 


The mammalian brain is now known to contain several galactose-con- 
taining lipides: strandin (2), strandin peptide (3), polycerebroside (4), 
gangliosides (5, 6), cerebron sulfate (7), and cerebrosides (8). A phos- 
phate-containing sulfatide (9, 10) and a lactose-containing lipide (11) have 
also been reported. We have attempted to separate some of these lipides 
and have investigated the incorporation of C'-galactose and S*®-sulfate 
into the resultant fractions. 

Radioactive galactose was isolated in the form of mucic acid from hy- 
drolysates of the galactolipides. Strandin, with strandin peptide, was 
isolated by a modified dialysis-partition method (2). Cerebrosides were 
isolated by a method described previously (12), and sulfatides were iso- 
lated by anew method. The latter, like brain cholesterol (13), were shown 
to undergo no detectable turnover, while the former fractions were found 
to be in a dynamic state. <A high turnover rate was also found in an un- 
identified galactolipide. 


Methods 


Female Sprague-Dawley rats, weighing about 78 gm., were maintained 
on a stock pellet diet and were given 10 ue. (7.2 mg.) of 1-C-galactose! 
intraperitoneally in 0.4 ml. of water. The animals were killed at intervals 
with ether, and the brains were homogenized with 20 volumes of 2:1 
chloroform-methanol? (14). The insoluble material was separated by 
vacuum filtration and washed with three 7 volume portions of solvent A. 
The filtrate was left under 1000 ml. of water overnight at 4°. 

Strandin—The aqueous supernatant fluid was drawn off as completely 
as possible and concentrated under a vacuum.’ The turbid solution was 
dialyzed at 4° for 4 days against eight changes of distilled water, and the 


* This investigation has been aided by a grant from the Multiple Sclerosis Founda- 
tion of America, Chicago; Dr. Lewis J. Pollock, Responsible Investigator. A pre- 
liminary report of this work has appeared (1). 

' Obtained from the National Bureau of Standards. 

? Hereafter called “solvent A.’? The chloroform and ethanol used were redistilled 
U.S. P. grade solvents, and the methanol was redistilled A. C. S. grade. 

* The apparatus described by Radin (15) was used for all evaporations. 
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sac contents were hydrolyzed with 3 Nn HCl (16). The galactose wag 
processed as previously described (16), but 50 mg. of galactose were added 
as carrier before the HCl was removed by ion exchange. The acid-free 


galactose solution was evaporated to dryness and left over P2Os overnight; — 


350 mg. of additional carrier were added, and the whole was converted to 
mucic acid (17) by shaking with 40 mg. of NaNOz and 2 ml. of HNO, at 
0° until the galactose dissolved. (A small amount of white solid, evidently 
NaNO;, did not dissolve.) The mixture, covered with a small beaker, was 
left in ice for 4 hours and then at room temperature overnight. The 
mucic acid formed was filtered and then dissolved on the funnel with 0.8 y 
NaOH, enough alkali being used to give a pink color to phenolphthalein, 
(Alkali of higher concentration tends to precipitate the salt.) The solu- 
tion was drawn through the funnel, a drop of metacresol purple solution 
was added, and enough concentrated HC! solution was added to give a 
pink color. Insufficient acid precipitates what appears to be the very 
insoluble monosodium salt, so that the end point should be attained with- 
out delay. The mucic acid was cooled, filtered, washed with water, and 
dried; yield, about 60 per cent. 

Cerebrosides—The chloroform and fluff remaining from the initial aque- 
ous washing were again extracted overnight with 1000 ml. of water. After 
most of the water was removed, methanol was added to form one phase, 
and the solution was evaporated to dryness and left overnight with wax 
and P.O;. The resultant material, called ‘‘total extracted lipides,” was 
dissolved in 10 ml. of solvent A, and 0.5 ml. was withdrawn for radioac- 
tivity determination. The remainder was passed through a column 22 
mm. in diameter, containing 6.4 gm. of Florisil (12), previously washed 
with 75 ml. of solvent A. The Florisil was eluted with an additional 150 
ml. of solvent A, and the effluent was evaporated to dryness, giving a resi- 
due (‘‘Florisil-treated lipides”) which is practically free of phospholipides. 

This material was dissolved in 10 ml. of alcohol-chloroform-water 
(10:8:1); 0.5 ml. was withdrawn for counting, and the remainder was 
passed through a column (2.2 X 6 cm.) of mixed ion exchange resins (12), 
previously washed with 75 ml. of the same solvent. The resins were eluted 
with an additional 150 ml., the effluent was evaporated to dryness, and the 
resultant crude cerebrosides were processed as described above for strandin. 
Before carrier galactose was added, aliquots were removed for analysis 
with anthrone (16). 

Sulfatides—In the experiments with C'-galactose, the ion exchange res 
ins were eluted with 80 ml. of 5 per cent lithium acetate dihydrate in alco- 
hol-chloroform-water (8:4:1), only the last 65 ml. being collected. The 
solution was evaporated to a very small volume, 25 ml. of water were added, 
and the sulfate was precipitated with 10 ml. of 5 per cent BaCl.-2H,0. 
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The precipitate was washed with water by centrifugation and converted 
to mucic acid as above. 
When the sulfatides were studied with S**-sulfate, a modified procedure 


- was used to give a higher recovery of sulfatide and to avoid contamination 


with inorganic sulfate. The brains were processed as before, but 10 ml. 
of 5 per cent BaCl,-2H,O were added before the initial 1000 ml. of water 
were added. After the water layer was removed, 300 mg. of Na2SO, were 
added, and the mixture was shaken 20 minutes on a rotary shaker. Meth- 
anol was added as before, and the mixture was filtered to remove the in- 
organic material, hot solvent A being used to wash the precipitate. The 
filtrate was evaporated to dryness, the lipides were dissolved in solvent A, 
and an aliquot was withdrawn for counting. 

Measurements of Radioactivity—All samples were counted with a liquid 
scintillation counter,‘ by using a counting technique that has been par- 
tially described previously (18). Only pulses between 10 and 50 volts 
were counted, in which case the background was about 90 c.p.m. The 
aqueous washes were counted by concentrating and dissolving 1 ml. in 49 
ml. of 3:1 toluene-absolute ethanol. Lipides, in solvent A, were dissolved 
in 35 ml. of the same solvent or in plain toluene. The mucic acid samples 
were brought up to 300 mg. with inactive mucic acid, 8 ml. of 0.41 N qua- 
ternary ammonium hydroxide (see Passmann et al. (18)) were added to 
dissolve the acid, and 27 ml. of the toluene-alcohol solution were added. 
All sample jars contained 0.3 per cent diphenyloxazole as scintillator. The 
counting efficiencies of the different solvent systems, which ranged be- 
tween 25 and 40 per cent, were determined by means of an internal C"- 
lignoceric acid standard, and, in the case of C™ samples, the observed ac- 
tivities were corrected to absolute activities. A C™ standard was used 
with the S*® samples because radioactive sulfur and carbon give similar 
8 spectra in the counter. 


RESULTS AND DISCUSSION 


Some of the data from the experiment with C-galactose are given in 
Table I. The column in which the activity of the first aqueous extract is 
listed shows the rapid appearance of radioactivity and a slower disappear- 
ance. This fraction contains strandin and strandin peptide (which con- 
tribute little to the total activity), inositol and inositol derivatives (14), 
and various non-lipide materials. We have found that glucose also ap- 
pears in this fraction. 

In the fifth column is listed the activity in the lipoidal fraction obtained 
from the cerebroside hydrolysates. This material includes cholesterol, 
sphingosine, and cerebroside acids; so it appears that galactose enters a 


‘Tri-Carb Counter, Packard Instrument Company, LaGrange, Illinois. 
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large and varied metabolic pool. From the data of the sixth column, the 
cerebroside galactose activities may be calculated as specific activities 
rather than as the activity per brain, but the resultant curve is similar 
to the one presented (see Fig. 1). 


Mucic Acid Purity—The pooled brains obtained from two rats killed 4 _ 


hours after the start of the experiment were processed to give mucic acid 
from the cerebroside fraction. The mucic acid activities after four suc- 
cessive crystallizations were 200, 202, 197, and 203 c.p.m. per 100 mg,, 
from which it was concluded that one recrystallization was adequate. 


TABLE 
Data from Turnover Experiments with C\4-Galactose 
Absolute C™ activity per brain 
Interval aft Brain weight ; Galactose in 
eutenct from cerebroside 
hydrolysate 
hrs. gm. gm. c.p.m. C.p.m. mg. 
2 1.47 79 162,000 2,200 
4 1.42 79 31,600 2.20 
4* 1.43* 78* 43 , 250* 1.73* 
6 1.50 78.5 29 , 300 8,530 2.09 
8 1.45 78.5 23 , 200 7,490 1.81 
24 1.57 85.5 8,820 2.16 
56 1.56 89 9,960 2.15 
120 104 10,000 2.05 
168 1.61 124 9,110 2.33 
224 1.60 124 8,640 2.48 


* Average values obtained from pooled brains of two rats. 


Strandin—The curve obtained for strandin galactose (middle of Fig. 1) 
shows that the galactose portion of this substance undergoes turnover. 
The slope of the descending portion indicates that half the galactose resi- 
dues are replaced in roughly 8 days. 

It would be more accurate to describe the lipide fraction actually ana- 
lyzed as the “water-extractable, non-dialyzable lipide fraction.” After 
this work was completed, the presence of a small amount of strandin 
peptide was announced (3). Gangliosides are similar to strandin in being 
water-soluble and non-dialyzable, and could conceivably be present. also. 
Our preparation contains neuraminic acid, as shown with orcinol (19) and 
diphenylamine (20); the second aqueous wash and the total extracted 
lipides give a negative test for neuraminic acid. Since neuraminic acid 
is present in strandin, strandin peptide (3), and gangliosides, it would ap- 
pear that all three lipides are present in high yield in our preparation. 
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Cerebrosides—The top curve in Fig. 1 shows that cerebrosides also un- 
dergo turnover, but more slowly, the half replacement value being about 
13 days. The total activity in cerebroside galactose is higher than that 
in strandin galactose, not because of a more rapid metabolism, but be- 
cause there is somewhat more cerebroside galactose per brain. In one 
experiment, the cerebroside-like material described previously (12) was 
examined and found to contain no detectable radioactivity. 
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Fic. 1. C content of rat brain lipide galactose as a function of time. {, cere- 
brosides; A, strandin; @, sulfatides. 


The finding of a dynamic state in brain cerebrosides is consistent with 
the observation that there is a weak cerebrosidase activity in brain (21) 
and with the disappearance of galactolipide that is observed in Wallerian 
degeneration (22) and demyelinative diseases (23, 24). The disappearance 
in Wallerian degeneration may be accelerated, as indicated by Rossiter 
(25), by the increase in the number of macrophages or Schwann cells. If 
this is so, it may be that these cells cause the normal degradative reaction 
as well. 
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Sulfatides—The lowest curve in Fig. 1 rises more slowly than do the 
cerebroside and strandin curves. This rise is consistent with the assump- 
tion that the cerebroside sulfate is made from cerebroside. The second 
portion of the curve is drawn as a horizontal line, although the last two 
points do not justify a definite decision. However, other data (Fig. 2) 
with S**-sulfate agree with the study with galactose in demonstrating that 
sulfatides undergo no breakdown in the normal brain. 

A substance which does not undergo turnover will accumulate with age 
unless synthesis stops. The analyses of Koch and Koch (26) indicate that 
synthesis of sulfatides continues for a considerable portion of the life span 
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Fig. 2. S*5 content of rat brain lipides as a function of time. , values obtained 
with 83 ue. of Na2S*50, in rats weighing 78 gm.; @, values obtained with 88 we. in 
rats weighing 245 gm. 


of arat. We have shown that an old rat, 496 gm. in weight, still has the 
ability to incorporate S*5-sulfate into the brain sulfatides. This interesting 
lipide fraction may be of significance in the aging process of nerve cells, 
in which lipoidal granules eventually appear. Another possible role is 
in the memory process, a process which could conceivably result in a 
chemical accretion as well as in an increase in functional complexity of the 
brain. 

The method of isolation used in the galactose study was followed by 
anthrone determinations of the galactose content of various fractions. 
By this means, the correct elution volume was found, and it was shown 
that barium chloride precipitated the barium salt from the lithium salt 
solution. A further study made with biologically labeled S**-sulfatide, 
which was isolated in the same way, showed that about 8 per cent of the 
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radioactivity entered the first water wash, and probably ended up in the 
strandin fraction, and that only negligible activity entered the second 
wash. It seemed likely that this portion represented that fraction of the 
sulfatides which exists as the sodium and potassium forms and that the 
chloroform layer (and fluff?) retained the calcium and magnesium salts. 
In consequence of this analysis, barium chloride was added to the aqueous 
wash, and it was found that all the radiosulfur remained in the organic 
layer. It was shown also that no activity was retained in the Florisil 
and that recovery of the final barium salt was about 92 per cent. The 
recovery from the resins could be raised 5 per cent by increasing the elution 
volume. 

We have found earlier (12) that about 0.3 per cent of the brain lipide 
phosphorus was retained by the ion exchange resins. When P*®-phosphate 
was injected into rats and the sulfatides were isolated as the barium salt, 
about 1.3 per cent of the total lipide activity was found in this fraction. 
Attempts at separating the radiosulfur and radiophosphorus in the sulfa- 
tide fraction have thus far been unsuccessful. 

Protein-Bound Galactolipide—The residue, after extraction of the rat 
brains with solvent A, possessed some radioactivity which could not be 
removed by subsequent washing with 5 per cent trichloroacetic acid, alco- 
hol, and solvent A. However, HCl-solvent A (1:300) extracted a bit of 
lipide which yielded labeled mucic acid. 106 c.p.m. were obtained from 
a rat killed 7 hours after injection of C'-galactose; this activity is less 
than that found for sulfatides. Rats injected with radiosulfate yielded no 
radioactivity in this fraction. Presumably the protein-bound lipide is not 
the peptide lipide that is extracted by the same solvent (27). The gal- 
actolipide might be polycerebroside (4), since this appears to be difficult 
to extract from brain by solvent A at room temperature. 

Florisil-Bound Galactolipide—The middle curve in Fig. 3, which repre- 
sents the C'* content of the Florisil-bound lipides, shows a rapid rise and 
fall in activity during the first 24 hours of the experiment. The subse- 
quent rate of disappearance of radioactivity is similar to that found in the 
lipides not adsorbed by Florisil. Evidently there is present in the Flori- 
sil-bound lipides a fraction of unusually high turnover rate. 

An unidentified galactolipide is present in the Florisil-bound material, 
as shown by HCl hydrolysis and anthrone analysis of the total extracted 
lipides and the lipides treated with Florisil. Roughly 20 per cent of the 
total lipide galactose occurs in the Florisil-bound fraction. Application of 
the mucic acid isolation procedure to a rat killed 6 hours after injection of 
C'-galactose resulted in the data in Table II. It appears likely from this 
experiment that the rapidly metabolizing fraction contains a galactolipide. 

Data obtained with brain homogenates and radiogalactose® strengthen 


‘F. B. Martin and N. S. Radin, unpublished experiments. 
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this interpretation. In one experiment, 88 per cent of the lipide radioac- 
tivity was found to be present in galactose, while 70 per cent of the lipide 
activity was bound by Florisil. 
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Fia. 3. C* content of rat brain lipide fractions as a function of time. @, total 
extracted lipides; gm, lipides adsorbed by Florisil; A, Florisil-treated lipides. 


TaBLE II 
Distribution of C'4 in Rat Brain Lipide Fractions after Injection 
of 10 we. of 1-C'4-Galactose 


1 ic acid, 

c.p.m. c.p.m. c.p.m. 
Total extracted lipides...................... 32,250 2320 16 ,000 
Florisil-treated lipides....................... 7,550 1070 5,550 
Florisil-bound lipides (calculated)........... 24,700 1250 10,450 


* After HCl hydrolysis. 


The rapidly metabolizing lipide may be polycerebroside (4), since this 
substance resembles strandin somewhat (and would therefore be adsorbed 
by Florisil) and is not extracted from the chloroform-methanol extract by 
water. 
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SUMMARY 


Methods are described for the isolation of galactose, as mucic acid, from 


rat brain strandin, cerebrosides, and sulfatides. By means of C'-galactose 
and S**-sulfate, it was shown that sulfatides undergo no metabolic break- 
down, but that the other galactolipides undergo turnover. Evidence is 
presented for the existence in brain of a protein-bound galactolipide and a 
rapidly metabolizing galactolipide. 
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MICROBIAL URIDINE-5’-PYROPHOSPHATE N-ACETYLAMINO 
SUGAR COMPOUNDS 


I. BIOLOGY OF THE PENICILLIN-INDUCED ACCUMULATION* 


By JACK L. STROMINGERt 


(From the National Institute of Arthritis and Metabolic Diseases, National 
Institutes of Health, Bethesda, Maryland) 


(Received for publication, April 17, 1956) 


The observation of Park and Johnson (1) that uracil-containing com- 
pounds accumulate in penicillin-inhibited Staphylococcus aureus was fol- 
lowed a few years later by Park’s identification of three uridine nucleo- 
tides (2). Compound 1 contained uridine-5’-pyrophosphate and an 
N-acetylamino uronic acid. Compound 2 contained L-alanine in addi- 
tion to the nucleotide unit, and Compound 3 contained a peptide composed 
of pL-alanine, p-glutamic acid, and L-lysine. Since that time, four other 
compounds which contain both uridine diphosphate and an N-acetylamino 
sugar have been isolated from various sources (3-5). 

For further study of these compounds in microorganisms, a convenient 
quantitative procedure for measuring their accumulation and a simpler 
method for isolating them were desired. Methods for these purposes have 
been developed, and have been applied to a study of a few of the biological 
parameters of their accumulation in bacteria; viz., the time-course and the 
cultural conditions necessary for accumulation in S. aureus, the effect of 
antibiotics other than penicillin, and the possible accumulation in other 
microorganisms. 


Materials and Methods 


Microorganisms—S. aureus was a strain provided by Dr. J. T. Park, and 
was grown at 37°, as described by him (2). Lactobacillus helveticus 335 was 
provided by Dr. R. B. Merrifield and grown at 41°, as described by Merri- 
field and Dunn (6). Streptococcus faecalis, Hill strain (7), was obtained 
from Dr. H. Eagle and grown in horse meat infusion broth at 37°. Bac- 
terial growth was estimated by measuring the turbidity of suspensions at 
650 my in the Beckman model DU spectrophotometer. The number of 
organisms is proportional to optical density up to a density of about 0.250 
at 650 my. With denser suspensions, dilutions were employed. 


* A preliminary account of this work was previously presented (Federation Proc., 
12, 277 (1953)). 

t Present address, Department of Pharmacology, Washington University School 
of Medicine, St. Louis, Missouri. 
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Measurement of Accumulation of Uridine-5’-pyrophosphate N-Acetylamino 
Sugar Compounds—The fractionation procedure by which Park obtained 
the nucleotides (2), in addition to being too time-consuming for routine 
measurement of accumulation, is not very quantitative; e.g., 5 to 20 per 
cent of these nucleotides was precipitated as barium salts by 50 per cent 
ethanol, and appreciable quantities also remained soluble in 80 per cent 
ethanol. Since N-acetylamino sugars are relatively uncommon constitu- 
ents of biological materials, the possibility that measurement of N-acetyl- 
amino sugar esters might be used to estimate the Park nucleotides was in- 
vestigated. A modification (8) of the Morgan and Elson procedure for 
N-acetylamino sugar determination (9, 10) was developed which can be 
used for estimation of the acidic N-acetylamino sugar in purified samples 
of the Park nucleotides. As a consequence of the fact that most of the 
N-acetylamino sugar in the bacterial extracts employed is present as uri- 
dine nucleotides (see below), the procedure can be employed for measure- 
ment of the amount of such nucleotides in the extracts. A suitable control 
is provided to correct for a small blank due to compounds other than N-ace- 
tylamino sugars. 

Park reported that the uridine nucleotides from S. aureus contained 2 to3 
moles of N-acetylamino sugar per mole of uridine (2), as measured by the 
Morgan-Elson reaction (9). With the present procedure (8), an analytical 
value corresponding to 1 mole of N-acetylamino sugar per mole of uridine 
was obtained (Table I). It may be noted that, while the N-acetylglu- 
cosamine standard yielded more color in borate buffer than in carbonate 
buffer, the acidic N-acetylamino sugar compounds from Staphylococci gave 
exactly the same color in these two buffers. The high values previously 
reported for N-acetylamino sugar in the nucleotides are due to the low color 
values for the standard, N-acetylglucosamine, in carbonate buffer. 

The following procedure has been employed. 

Preparation of Extracts—Cells were harvested during logarithmic phase 
at about half maximal growth. After two washings with water, they were 
resuspended in a new medium containing penicillin at the appropriate con- 
centration, and, after about 90 minutes, were harvested and washed again. 
About 250 mg. of wet cell paste were obtained from a 100 ml. culture and 
were extracted by the addition of 0.5 ml. of cold 10 per cent trichloroacetic 
acid (TCA). The measured volume of this extract was about 1 ml. After 
1 hour in an ice bath, insoluble material was removed by centrifugation. 
TCA was removed from the supernatant fluid by three successive extrac- 
tions with an equal volume of ether. The sample was brought to pH 9, 
with phenolphthalein as an internal indicator, and residual ether was re- 
moved by warming. 

Estimation of N-Acetylamino Sugar Esters in Extracts—The procedure 
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and reagents for estimation of N-acetylamino sugars have been described 
in detail (8). In the present study, analysis of the extracts, carried out on 
extracts from cultures as small as 30 ml., was performed as follows: To a © 
25 pl. aliquot of extract,! add 25 wl. of 0.25N HCl. Heat in a boiling water 

bath for 5 minutes. Add 50 ul. of 0.125 Nn NaOH in 2 per cent sodium tetra- 
borate. Heat in a boiling water bath for 7 minutes. Add 400 ul. of glacial 
acetic acid and 50 ul. of 16 per cent p-dimethylaminobenzaldehyde in 95 
per cent acetic acid, 5 per cent 11.6 N HCl. Incubate for 20 to 25 minutes 
in a water bath at 37° and read immediately at 550 mu.  €550 is about 


TABLE I 


Comparison of Carbonate and Borate Methods for N-Acetylamino Sugar 
Determination with Nucleotide Preparation from S. aureus 


N-Acetylamino sugar 
Uridine Carbonate method* Borate methodt 
Optical ical 
550 my 550 my 
pumoles pmoles pmoles 
per ml. per ml. per ml. 
Nucleotides 2.60 .| 0.216 4.84 1.89 0.216 2.68 1.02 
N-Acetylglu- 0.152 (3.40)§ 0.274 (3.40)§ 
cosamine 
standard 


* Procedure of Morgan and Elson (9), modified by carefully controlling the heat- 
ing step in carbonate at its pH optimum, 9.4. Under these conditions, a reproducible 
ratio of about 1.9 was obtained. 

t Reissig, Strominger, and Leloir (8). 

t N-Acetylamino sugar estimation divided by uridine value. 

§ Concentration of the standard was based on weight. 


17,000. In order to read a volume of 0.55 ml., cells of 0.5 cm. width and 
1 cm. light path (Pyrocell Manufacturing Company, New York) were em- 
ployed, with a diaphragm in the Beckman model DU spectrophotometer 
to reduce the size of the light beam. The blanks, the internal standard, 
and the method of expressing the data are indicated in Table II. 

Anion Exchange Chromatography—Dowex 1 chloride, 2 per cent cross- 
linked, 50-100 mesh, has been employed for the separation of acid-soluble 


1 Small aliquots were employed because, in most cases, the color with large aliquots 
was too dense. When smaller amounts of N-acetylamino sugar are present, aliquots 
of up to 100 ul. can be accommodated in the procedure, in which case smaller volumes 
of HCl and NaOH -borate of higher concentration are employed so that the total vol- 
ume does not exceed 125 yl. 
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nucleotides by following the principle employed by Cohn and collabora- 
tors (11) in the separation of nucleic acid fragments (cf. also Cabib et al. 
(3) and Hurlbert et al. (12)). A column of 1.2 cm. diameter (cross sec- 
tion area, 1.1 sq. cm.) and of 12.0 cm. height was employed for the extract 


TABLE II 


Colorimetric Estimation of Accumulation of N-Acetylamino 
Sugar-Containing Compounds in S. aureus 


An 80 ml. culture (optical density at 650 my, 1.250) was centrifuged. A TCA ex- 
tract was prepared from one-half of the cells. The other half was resuspended in 
fresh growth medium containing penicillin (1 y per ml.). After 2 hours at 37° with 
vigorous shaking, the cells were centrifuged, and an extract was prepared. The 
extracts were analyzed as described in the text. 


N-Acetylamino sugar 
Tube No.* Optical density, 550 my umoles per liter of culture 
Total umolest at optical density 1.0 
(650 myu)t 


Normal culture 


1 0.033 
2 0.052 0.024 0.5 
3 0.097 0.057 1.1 
4 1.004 
Penicillin-treated culture 
1 0.034 
2 0.190 0.219 4.4 
3 1.449 1.77 35.7 
4 1.146 


* Tube 1 is a reagent blank obtained by omitting the two heating steps from the 
procedure. The blank obtained in this way includes substances in the extract other 
than N-acetylamino sugars which may react with the reagent. Tube 2 is obtained 
by omitting the acid-heating step. As N-acetylamino sugar-1 esters do not react 
in the test without acid hydrolysis, Tube 2 measures only the non-esterified N -acetyl- 
amino sugars. Tube 3 is the measure of N-acetylamino sugar esters (complete pro- 
cedure). Tube 4 is an internal standard (containing 0.43 umole of N-acetylglucos- 
amine), analyzed as described for Tube 2. Tube 2 is used as the blank for Tubes 
3 and 4. Each tube is prepared in duplicate. 

t ((Optical density of sample)/(optical density of internal standard)) X micro- 
moles of internal standard X ((volume of extract)/(volume of aliquot (25 gl.))). 
The extract from the normal culture was 670 ul. and that from the penicillin-treated 
culture 750 yl. 

t ((Total micromoles)/(optical density of culture X volume (liters))). The N- 
acetylamino sugar is, therefore, expressed in terms of a constant number of cells, 
arbitrarily selected as the amount in 1 liter of culture at an optical density (690 
mu) of 1.0, which is about half maximal growth for S. aureus. The wet cell weight 
for such a culture is about 2.5 gm. and the dry weight about 0.5 gm. 
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from 2 liters of S. aureus culture at half maximal growth (packed wet weight 
of cells, about 5 gm.).? First, the extract (about 25 ml. at pH 8 to 9) was 
run on to the column, and then 25 ml. of water. This procedure and the 
elution were carried out at a flow rate of about 0.5 ml. per minute, and 
fractions were collected every 20 minutes. The column was eluted suc- 
cessively with the following solutions: (A) 500 ml. of 0.002 n HCl, (B) 
125 ml. of 0.01 Nn HCl, (C) 250 ml. of 0.05 m NaCl in 0.01 n HCl, (D) 
250 ml. of 0.10 m NaCl in 0.01 n HCl, (£) 200 ml. of 0.1 Nn HCl, (F) 200 
ml. of 0.5 N HCl, and (@) 100 ml. of 2.5 n HCl. 

Each tube was examined for ultraviolet absorption at 260 my. Every 
other tube was analyzed for N-acetylamino sugar as described above 
(Tube 3 of the analysis only), but with 100 ul. aliquots ordinarily and 25 
ul. aliquots in the large peaks, where every tube was analyzed. 

Other Analytical Procedures—Uridine in nucleotides was determined from 
ultraviolet absorption at 262 mu in 0.01 N HCl by using a molar extinction 
coefficient of 9890 (13). Uracil in the medium was also determined from 
ultraviolet absorption or by means of a bacterial uracil-oxidizing enzyme 
(14), kindly supplied by Dr. O. Hayaishi. Protein was determined by 
the method of Lowry e# al. (15) and free amino groups by a modified fluoro- 
dinitrobenzene procedure (O. H. Lowry, unpublished). Peptide amino 
groups were defined as the increase in free amino groups after sealed tube 
hydrolysis in 6 N HCl for 15 hours. 


Results 


Measurement of Accumulation by Present Method—The method of meas- 
uring accumulation of the nucleotides is illustrated in Table II. The range 
of values found for normal cultures of S. aureus was 0.5 to 2.0 umoles, and 
for penicillin-treated cultures 20 to 40 umoles of N-acetylamino sugar esters 
per liter of culture at half maximal growth. The maximal accumulation 
observed, 40 umoles per liter of culture (15 to 20 umoles per gm. of wet 
packed cells (Table II, Tube 3)), is 3 to 4 times the accumulation reported 
by Park (2). The increased yield may be partly due to small modifica- 
tions in cultural conditions, but is probably largely due to the precision 
of measurement with the present technique. This accumulation was en- 
tirely accounted for by the three nucleotides described by Park (cf. below). 

In addition to accumulation of esterified N-acetylamino sugar, a small 
accumulation of N-acetylamino sugar-containing compounds, in which 
the 1 position of the sugar is not substituted or which contain 1-substitu- 
ents which are labile under the conditions of the test, was also observed 


* Columns were also operated with extract from 200 ml. of culture (0.1 sq. cm. X 
12.0 cm.) or from 25 liters of culture (5 sq. cm. X 30.0cm.). By proportional scaling 
of the elution rate, eluting volumes, and fraction sizes, nearly identical elution dia- 
grams were obtained. 
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(Table II, Tube 2). Increasing the time of exposure of the extracts to 
cold 5 per cent TCA did not increase the amount of this material, suggest- 
ing that it did not arise from chemical degradation of the nucleotides. 

Accumulation of Nucleotides in Resting Cultures—With thoroughly washed 
cells of S. aureus suspended in phosphate-magnesium buffer, the penicillin- 
induced accumulation required only the addition of glucose and a few amino 
acids (Table III), even though such a medium is incapable of supporting 
the growth of S. aureus. Actually, the incubation of S. aureus in a deficient 
medium induced a small accumulation even in the absence of penicillin 
(Table ITI). 


TaBLeE III 
Accumulation of Nucleotides in Resting Cultures of S. aureus 

Washed organisms, harvested at about half maximal growth, were suspended in 
40 ml. of medium at pH 7.0, which contained, per liter, 5 gm. of KzHPQO,, 120 mg. of 
MgSOQ,-7H:0, and 3 gm. of glucose. Additional supplements or penicillin are indi- 
cated below. For comparison, an experiment in which the organisms were resus- 
pended in the growth medium is included. All cultures were incubated at 37° with 
vigorous shaking for 2 hours. Data are expressed as micromoles of N-acetylamino 
sugar esters per liter of culture at an optical density of 1.0. 


Supplements, per liter Normal culture 
Growth medium 1.0 28.1 
0.5 gm. casamino acids* 4.3 27.7 
150 mg. L-glutamic acid + 180 mg. L-lysine 21.6 
+ 90 mg. L-alanine 
450 mg. L-glutamic acid 31.5 
None 9.6 


* Nutritional Biochemicals Corporation, Cleveland. 


Time-Course of Accumulation—The accumulation of N-acetylamino 
sugar compounds began promptly upon the addition of penicillin (Fig. 1). 
The time for half maximal accumulation was of the order of 15 minutes 
after addition. 

Accumulation Induced by Other Antibiotics—Several other antibiotics 
were found to induce a small accumulation of these compounds (Fig. 2). 
However, the specificity of these effects is questionable, since the accumula- 
tions observed at the growth-inhibitory concentrations of the antibiotics 
were not larger than that produced by incubation of S. aureus in the ab- 
sence of any antibiotic in a medium incapable of supporting growth (Ta- 
ble III). With a concentration of Aureomycin 1000 times that required to 
inhibit growth, a more marked increase was observed. With penicillin, 
accumulation had a definite relationship to the growth-inhibitory concen- 
tration (Fig. 2). 
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) ACCUMULATION OF URIDINE PYROPHOSPHATE 
DERIVATIVES IN STAPHYLOCOCCUS AUREUS 
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Fic. 1. Time-course of the penicillin-induced accumulation of uridine nucleotides 
in S. aureus. 
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Fic. 2. Influence of various antibiotics on the accumulation of uridine nucleotides 
in S. aureus. The antibiotic concentrations are on a logarithmic scale. The data 
are plotted with reference to the antibiotic concentration which produced 50 per cent 


) inhibition of growth of a 1 per cent inoculum, and are expressed as micromoles of 
, N-acetylamino sugar esters per liter of culture at an optical density of 1.0. Maximal 
. values observed were (normal, 0.5 to 0.7) penicillin 25.2, Aureomycin 12.9, Terramy- 


cin 5.4, Chloromycetin 3.5, streptomycin 2.8. 
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Utilization of Amine Acids and Uracil by S. aureus—It has been reported 
that in the presence of penicillin the synthesis of protein by washed, resting 
suspensions of S. aureus is inhibited, that peptides accumulate in the me- 
dium, and that uracil utilization is enhanced (16,17). It seemed of interest 
to investigate the relation of these effects to accumulation of uridine nu- 
cleotides. However, with the present strain of S. aureus, amino acid nitro- 
gen disappeared from and peptide nitrogen appeared in the medium at a 
rate which was considerably faster than that reported for the strain em- 
ployed by Hotchkiss, and penicillin had no detectable effect on these proc- 


TABLE IV 
Amino Acid Utilization by S. aureus 


Washed, resting cell suspensions were incubated for 2 hours in a medium at pH 
7.0, containing, per liter, 5 gm. of KzHPQ,, 120 mg. of MgSO,-7H.0, 2 gm. of glucose, 
0.5 ml. 10 per cent vitamin-free acid casein hydrolysate (Nutritional Biochemicals 
Corporation, Cleveland), and 10 mg. of uracil. The data are the average of six 
experiments and are recorded as the change in micrograms of nitrogen per 1000 7 of 
initial bacterial protein nitrogen. 


Amino nitrogen of medium 
Organism Conditions 
Free Peptide-bound 
S. aureus, present strain* Normal — 1054 +299 
Penicillin —962 +309 
(40-2B) Normal —92 +53 
(40-2B) t Penicillin —92 +106 


* The values obtained for amino acid utilization by this strain are similar to data 
reported by Gale and Van Halteren (18) for S. aureus (Duncan strain). The data, 
however, cannot be directly compared because of differences in experimental condi- 
tions. 

t Data from Hotchkiss (16). 


esses (Table IV). No significant change in bacterial protein nitrogen was 
observed under our conditions with or without penicillin. No uracil utiliza- 
tion could be demonstrated, even with low levels of uracil in the medium 
in penicillin-treated cultures, in which a rapid accumulation of uridine 
nucleotides was occurring. Apparently, the organism continued to syn- 
thesize uracil at a normal (or increased) rate, despite the provision of an 
external supply. 

Isolation of Acid-Soluble Nucleotides from S. aureus by Anion Exchange 
Chromatography—Elution diagrams are presented in Fig. 3 for the extracts 
prepared from parallel 2 liter cultures of normal and penicillin-inhibited 
S. aureus. Peaks 1 (the effluent), 2, 3, 8, 9, and 10 were not characterized 
further. 
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Peak 4 was characterized as cytidine-5’-phosphate by chemical analysis, 
dephosphorylation by 5’-nucleotidase (19),* and by paper chromatography 
and electrophoresis through comparison with authentic cytidine-5’-phos- 

hate.® 
. Peak 5 was spectrophotometrically and chromatographically identical 
with adenosine-5’-phosphate. 

Peak 6 contained Park’s Compound 3. The nucleotide was recovered 
from the pooled fractions by charcoal absorption and elution (3). After 
acid hydrolysis, alanine, glutamic acid, and lysine were the only amino 
acids detected on paper chromatograms. 

Peak 7 contained‘ Park’s Compounds 1 and 2. After acid hydrolysis 
of nucleotide recovered from the pooled fractions, alanine was the only 
amino acid detected. ‘The amount of alanine was in the range of 50 to 75 
per cent of the amount of N-acetylamino sugar. The ratio of N-acetyl- 
amino sugar to nucleotide in compounds obtained from Peaks 6 and 7 of 
penicillin-inhibited cultures varied between 0.83 and 0.97, and only small 
amounts of ultraviolet-absorbing impurities could be detected by paper 
chromatography. 

Each of the peaks was pooled, and the amounts of ultraviolet-absorbing 
material were determined (Table V). In addition to the large accumula- 
tion of uridine nucleotides in Peaks 6 and 7, the amount of cytidine-5’-phos- 
phate (Peak 4) was about doubled by penicillin. 

Similarly, the amount of N-acetylamino sugar was determined in Peaks 
6 and 7, as well as in an aliquot of the extract. In the penicillin-inhibited 
culture, the amounts of N-acetylamino sugar esters were 76 umoles in the 
extract, 36 umoles in Peak 6, and 42 ymoles in Peak 7. In the normal cul- 
ture, the extract contained roughly 4.2 wmoles and Peaks 6 and 7, 1.3 and 
3.8 umoles, respectively. The N-acetylamino sugar esters of the bacterial 
extracts were, therefore, quantitatively recovered as uridine nucleotides. 
This fact permits the use of N-acetylamino sugar estimation as a measure 
of nucleotide accumulation. 

In the chromatogram of the penicillin-inhibited culture (but not in the 
normal culture), two small N-acetylamino sugar-containing peaks which 


?>IT am very grateful to Dr. Leon Heppel for providing synthetic cytidine-5’-phos- 
phate (from a sample prepared in Sir A. R. Todd’s laboratory) and purified 
5’-nucleotidase of bull semen. 

*On two occasions, with extracts from penicillin-inhibited cells, this peak con- 
tained a shoulder on the descending limb, but attempts to obtain a complete separa- 
tion by changing the conditions of the elution or by increasing the size of the column 
were unsuccessful. The compounds were also not separable by paper chromatog- 
raphy in a large number of solvents or by paper electrophoresis in 0.02 m citrate at 
pH 3.5, 4.0, 4.5, 5.0, or 5.5. At the present time, partition chromatography on a Celite 
column (2) is the only method for separating these two compounds. 
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did not contain ultraviolet absorption were eluted with 0.002 n HC] (peaks 
at Tubes 51 and 69 in Fig. 3). The material from these peaks gave the 
color reaction for N-acetylamino sugar without prior acid hydrolysis, 
Quantitatively, the amount in the two peaks (2.6 and 2.7 uwmoles) corre- 
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Fig. 3. Anion exchange chromatograms of normal (lower curve of each set, A and 
B) and of penicillin-treated (upper curve of each set, A and B) S. aureus. Nucleo- 
tide was estimated approximately from the 260 my absorption with a molar extine- 
tion coefficient of 10,000. N-Acetylamino sugar was determined colorimetrically 
(8). The numbers refer to the ultraviolet-absorbing peaks and the letters to the 
eluents employed (see the text). Note that, to accommodate Peaks 6 and 7 of the 
penicillin-treated culture, a scale reduced to one-third size for both ultraviolet ab- 
sorption and N-acetylamino sugar (inset) was employed. 
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sponded to the amount of this type of compound observed in the extract 
(4.6 umoles); (see also Table II). In the color reaction, each of the com- 
pounds produced a color with a spectrum identical to that produced by 
N-acetylglucosamine (10). The amounts obtained were extremely small, 
and no further characterization has been attempted. 

Accumulation in Other Microorganisms; L. helveticus 335°—A 3 day culture 
was centrifuged, washed, and resuspended in fresh medium containing 2.5 
y per ml. of penicillin. 0.1 y per ml. was the growth-inhibitory concentra- 
tion. After a 2 hour incubation, TCA extracts were prepared and analyzed 
as described. Under these conditions, a 4-fold accumulation of N-acetyl- 
amino sugar-containing compounds was observed (Table VI). Since the 
organism grows at a much slower rate than S. aureus (division time about 


TABLE V 


Comparison of Total Nucleotide Content in Various Chromatographic Peaks 
from Normal and Penicillin-Treated S. aureus 


The data were obtained by pooling the peak tubes from the chromatogram of 
_ Fig. 3 and multiplying the 260 myz absorption of the pooled fraction by the volume 
inml. If the values given are divided by 10, an approximate expression in micro- 
moles is obtained. 


Peak No. 
1 2 3 4 5 6 7 8 9 10 Total 
EEE Par 44; 99/5 37 | 114 | 203 | 105 | 20 | 46 1.8 675 
Penicillin-treated. ...| 50 | 126 | 0.8 | 63 | 65 | 405 | 475 | 13 | 30 | 1.2 | 1229 


8 hours as compared to 20 to 30 minutes for S. aureus), a few experiments 
were carried out with longer exposures to penicillin. After 4 hours, the 
accumulation was about 25 per cent larger than that at 2 hours. Also, in 
L. helveticus 335, no accumulation was observed in a simple medium in- 
capable of supporting growth. 

The extract obtained from the cells from 1 liter of penicillin-inhibited 
culture, containing 3 umoles of N-acetylamino sugar esters, was chromato- 
graphed on a column of Dowex 1 chloride, 0.1 sq. cm. X 12 cm. Two 
ultraviolet-absorbing peaks, eluted at 0.025 m NaCl in 0.01 n HCl and 0.1 
M NaCl in 0.01 n HCl, also contained N-acetylamino sugar esters, 0.8 


‘This organism was selected for study because of its requirement for uracil and 
its permeability to various nucleotides (20). In cooperation with Dr. R. B. Merri- 
field, unsuccessful attempts were made to substitute the staphylococcal nucleotides 
for uracil in growth experiments. Dr. Merrifield (personal communication) has also 
found that uridine diphosphate glucose alone will not satisfy the requirement for 
uracil. 
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and 1.8 uwmoles, respectively. The spectral properties of each of the 
peaks indicated the presence of uridine nucleotides. These data suggest 
that the accumulating N-acetylamino sugar esters in L. helveticus 335 may 
be uridine nucleotides, and, in Paper II (21), the penicillin-induced accu- 
mulation of uracil-containing compounds will be demonstrated by an 
isotopic method. 

S. faecalis—The cells were harvested at about half maximal growth, and 
were resuspended in fresh medium containing either 1 y or 200 y per ml, 
of penicillin. 1 y is the optimal bactericidal concentration, and, at the 


TaBLE VI 
Effect of Penicillin on Nucleotide Accumulation in L. helveticus $36, 
S. faecalis, and Penicillin-Resistant S. aureus 
The organisms were incubated in the presence of penicillin for 2 hours (except 
where indicated), as described in the text. The data are expressed as micromoles 
of N-acetylamino sugar esters per liter of culture at an optical density of 1.0. 


| 
Organism Experiment 1) Experiment 2 Experiment 3 
L. helveticus 335 0 3.6 4.7 3.6 
1.3 8.6 
2.5 13.4 10.1 12.2 
15.3 (4 hrs.) 
S. faecalis 0 3.3 3.1, 3.9 2.9, 2.5 
1-2 2.0 5.4 3.0 
5-10 5.6 2.9 
200-250 4.4 5.8 3.3 
S. aureus, resistant 0 3.6 3.0 
strain 1 3.1 
10 3.4 2.7 


higher concentration, an anomalous reduction of the bactericidal effect 
occurs (7). After 2 hours incubation, the organisms were harvested and 
analyzed in the usual way. No significant increment of N-acetylamino 
sugar esters was observed (Table IV). 


Penicillin-Resistant Strain of S. aureus—Growth of the strain employed | 
was inhibited by about 0.03 y per ml. A resistant strain, whose inhibition | 


threshold was about 5 7 per ml., was developed by serial culture in increas- 
ing concentrations of penicillin. At 10 y per ml., at which concentration 
growth was completely inhibited, no accumulation of nucleotides could be 
demonstrated (Table IV). 


* No acetylamino sugar was detected in these places in a parallel chromatogram 
from a normal culture of L. helveticus 335. 
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DISCUSSION 


With the method described here, it has been possible to examine con- 
veniently a few of the biological parameters of the penicillin-induced 
accumulation of uridine nucleotides in S. aureus. The rapidity of accumu- 
lation of the nucleotides after the addition of penicillin is in contrast to 
many of the other effects of penicillin on bacteria, which are observed 
only after long exposure to the drug (cf. Gale (22)). The concentration 
of penicillin which produced 50 per cent inhibition of growth induced a 
marked accumulation of nucleotides, but, with several other antibiotics at 
this concentration, only a small increase in the amount of nucleotide oc- 
curred (cf. also Park (23)), similar to the small increase which was observed 
when the cells were incubated in a medium incapable of supporting their 
growth (‘‘starvation”’). The immediacy of the response to penicillin, its 
specificity, and its relation to the threshold concentration for growth 
inhibition suggest that nucleotide accumulation is not a secondary effect 
of penicillin. 

As has been suggested by Hotchkiss (16) and by Gale (22), it ought to 
be possible to demonstrate a metabolic effect of penicillin in resting cul- 
tures in which inhibition of cell growth and cell death cannot occur (24, 
25). Under these conditions, an observed effect is not likely to be due to 
a total derangement of metabolism preliminary to cell death. It has been 
shown here that accumulation of uridine nucleotides in S. aureus can be 
induced in resting cultures. This fact might also be used to argue that 
nucleotide accumulation is not related to the bactericidal effect of penicil- 
lin, which occurs only in growing cultures. Alternatively, however, if the 
accumulation is the result of a block in some metabolic pathway, the 
integrity of that pathway might be essential to the life of the cell only 
under conditions of cell multiplication. In Paper II (21), some data will 
be presented which suggest that accumulation of the nucleotides is related 
to an effect of penicillin on nucleic acid metabolism. 

Park (personal communication) has found that, when inhibited cells are 
washed and resuspended in a normal medium, the accumulated nucleo- 
tides disappear. Nucleotides of this type isolated from normal S. aureus 
are either identical with or closely related to the nucleotides from a penicil- 
lin-inhibited culture (26). These observations suggest that the nucleotides 
are normal metabolites and that they are themselves not toxic to the cell. 

L. helveticus 335 also accumulated N-acetylamino sugar esters when 
inhibited by penicillin, and, although evidence which suggests that the 
compounds are uridine nucleotides has been presented, a rigid identification 
of these compounds is obviously desirable. A brief account has recently 
appeared of the isolation from Streptococcus hemolyticus of a uridine pyro- 
phosphate N-acetylamino sugar peptide, similar to Park’s Compound 3 
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(27). The occurrence of these compounds in several species suggests that 
they may have some general significance in bacterial metabolism. 

Failure to detect accumulation of N-acetylamino sugar esters in §, 
faecalis and in a penicillin-resistant S. aureus is susceptible of a number of 
interpretations. The observations may point to multiple mechanisms of 
penicillin sensitivity, just as there seem to be multiple mechanisms of 
penicillin resistance (28), but extensive investigation will be necessary to 
settle the point. 


SUMMARY 


A convenient quantitative method, based on estimation of N-acetyl- 
amino sugar, for measurement of the penicillin-induced accumulation of 
uridine pyrophosphate N-acetylamino sugay derivatives in microorganisms 
has been developed and employed in an investigation of some of the bio- 
logical parameters of the accumulation. The time-course, the effects of 
other antibiotics, and the conditions under which nucleotide accumulation 
can be demonstrated are compatible with the hypothesis that nucleotide 
accumulation in Staphylococcus aureus is not a secondary effect of peni- 
cillin. A penicillin-induced accumulation of N-acetylamino sugar-contain- 
ing compounds was also found in Lactobacillus helveticus 335. 

Anion exchange chromatography was employed for the preparation of 
the uridine nucleotides from S. aureus. The chromatographic method 
revealed that two non-nucleotide N-acetylamino sugar-containing com- 
pounds also accumulated in penicillin-treated S. aureus. 


I am greatly indebted to Dr. Sanford Rosenthal for encouragement and 
to Dr. J. T. Park for generous and helpful advice. 
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MICROBIAL URIDINE-5’-PYROPHOSPHATE N-ACETYLAMINO 
SUGAR COMPOUNDS 


II. INCORPORATION OF URACIL-2-C"% INTO NUCLEOTIDE AND 
NUCLEIC ACID* 


By JACK L. STROMINGERt 


(From the National Institute of Arthritis and Metabolic Diseases, National 
Institutes of Health, Bethesda, Maryland) 


(Received for publication, April 17, 1956) 


In the past 5 years, partly as the result of the development of chroma- 
tographic techniques, a variety of new acid-soluble nucleotides has been 
isolated from living tissues. Among the earliest of the compounds iso- 
lated were three uridine pyrophosphate derivatives obtained from peni- 
cillin-inhibited Staphylococcus aureus, two of which have the unusual 
structural feature of containing amino acids in the molecule (1, 2). In 
Paper I (3), some of the biological facts of the penicillin-induced accumu- 
lation of these nucleotides were examined, and it was reported that com- 
pounds of this type accumulate in penicillin-treated Lactobacillus helveticus 
335 as well as in S. aureus. Studies of the incorporation of uracil-2-C 
into nucleotide and nucleic acid fractions in S. aureus and in L. helveticus 
and the effect of penicillin on this incorporation are reported here. The 
data indicate a relationship between accumulation of the nucleotides and 
an effect of penicillin on nucleic acid metabolism. 


Materials and Methods 


Experiments with S. aureus—Cells were grown as previously described, 
harvested at half maximal growth, and resuspended in the same volume 
of “deficient”? medium (3). This medium contained 5 gm. of K,HPOs, 
5 ml. of vitamin-free acid-hydrolyzed casein (Nutritional Biochemicals 
Corporation, Cleveland), 120 mg. of MgSO,-7H.0O, 3 gm. of glucose, and 
1.6 mg. of uracil-2-C™ per liter, and its pH was adjusted to 7.0. It is 
incapable of supporting the multiplication of S. aureus, which has rather 
complex nutritional requirements. It has been shown that penicillin can 
induce the accumulation of uridine nucleotides in such resting cultures 
(3). A parallel culture contained, in addition, 1 y per ml. of crystalline 


* Preliminary accounts of this work have previously been presented (Johns Hop- 
kins Symposium on Phosphorus Metabolism, 2, 422 (1952) and Federation Proc., 
12, 277 (1953)). 

t Present address, Department of Pharmacology, Washington University School 
of Medicine, St. Louis, Missouri. 
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sodium penicillin G (Merck). After a 2 hour incubation at 37° with 
vigorous aeration, the cells were harvested and washed. A cold trichloro- 
acetic acid (TCA) extract, containing the acid-soluble nucleotides, wag 
prepared and analyzed for the Park uridine nucleotides as previously 
described (3). Purification of the Park nucleotides from the TCA ex. 
tract (2) was carried up to but not including the separation of the three 
nucleotides by partition chromatography. Finally, the isolated nucleo- 
tides were converted to uridine-5’-phosphate (UMP) by hydrolysis in 1 
N HCl for 15 minutes. The UMP was isolated by anion exchange chro- 
matography on Dowex | chloride, 2 per cent cross-linked, essentially as 
described in Paper I. 

The cold TCA precipitate was washed successively (4) with 10 volumes 
of 5 per cent cold TCA (twice), 1:5 5 per cent TCA-ethanol, ethanol, and 
3:1 ethanol-ether. Finally, nucleic acid was extracted from the residue 
with 5 per cent TCA at 90° for 20 minutes (5). The TCA was removed 
with ether before counting. For isolation of the individual bases, the nu- 
cleic acid was hydrolyzed in 1 N HCl for 30 minutes, thus converting it to 
purine bases and pyrimidine nucleotides. The purine bases were adsorbed 
and separated on Dowex 50 H, and the effluent containing the pyrimidine 
nucleotides was adsorbed and separated on Dowex | chloride, as described 
by Hurlbert and Potter (4). In addition to guanine, adenine, cytidylie, 
and uridylic acids, a small peak was eluted just before the uridylic acid, 
which had spectral properties identical with those of uridylic acid. It 
was not further investigated. 

The experiment with orotic acid-2-C“ was carried out in identical fash- 
ion, except that 1.4 mg. of orotic acid-2-C™ were substituted for uracil 

Experiments with L. heiveticus 335—The growth of this organism was 
enhanced by the addition of 0.5 per cent liver powder (Eli Lilly and Con- 
pany, Indianapolis) to the medium described by Merrifield and Dunn 
(6), and the experiments were carried out in this modified medium at 41°. 
Under these conditions, maximal growth (optical density in a 1 cm. cell 
at 650 my, 1.3) was reached at about 48 hours after inoculation with 5 
per cent of the volume of a fully grown culture. The cells were harvested 
for these experiments at 43 hours, when they had reached about 75 per 
cent of maximal growth, and were resuspended in 1.5 volumes of fresh 
medium containing 1.1 mg. of uracil-2-C™ per 250 ml. Parallel cultures 
were incubated for 2 hours at 41° with and without 2.5 y per ml. of pent 
cillin. This experiment had to be carried out in the medium employed 
for growth of the organisms, as no accumulation of nucleotides could be 
demonstrated in a simpler medium (3). During the course of the incuba- 
tion, the optical density of the control culture increased by 35 per cent 
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and that of the penicillin-treated culture by 19 per cent. It is not known 
what portion of the increase in the penicillin-treated culture was due to 
increase in cell number and what portion was due to swelling of cells. 

At the end of the incubation the cells were washed three times with 
ice-cold water. Extractions and analyses were made according to the 
procedures described for S. aureus. 

Uracil-2-C™ (7) (0.5 wc. per mg.) was obtained from the Southern Re- 
search Institute, Birmingham, Alabama. 

Orotic acid-2-C™ (about 0.3 uc. per mg.) was generously supplied by Dr. 
Arthur Kornberg. 

Radioactivity measurements were made in a windowless gas flow counter 


(8). 
Results 


Incorporation of Uracil-2-C into Nucleotide and Nucleic Acid in Resting 
Cultures of S. aureus—During the course of the 2 hour incubation, about 
40 per cent of the added isotope was incorporated into the normal cells 
(Table I). Of this quantity, 19 per cent was in the cold TCA extract 
(nucleotide fraction) and 81 per cent in the hot TCA extract (nucleic acid 
fraction). Penicillin had no effect on the total incorporation into the cells. 
However, it resulted in a different distribution of the incorporated isotope. 
In the penicillin-treated cells, 56 per cent of the isotope was incorporated 
into the nucleotide fraction and 44 per cent into the nucleic acid fraction. 
It may be observed that the increase of isotope in the nucleotide fraction 
equaled the decrease in the nucleic acid fraction. 

In order to ascertain what portion of the isotope in the cold TCA ex- 
tract was in the Park nucleotides, data were obtained for the specific 
activity of the nucleotides from the penicillin-treated culture during vari- 
ous stages of purification (Table II). From the specific activity of the 
purest fraction of the intact Park nucleotides (Amberlite-treated) and the 
analytical value for the amount in the extract (Table I), the total radio- 
activity due to these compounds can be calculated. They accounted for 
about 70 per cent of the radioactivity in the extract. About 30 per cent 
of the radioactivity occurred in compounds other than Park nucleotides, 
t.e. about 60,000 c.p.m. in the experiment in Table I. On the assumption 
that the specific activity of these nucleotides in the extract of the normal 
culture is close to the value obtained for the penicillin-inhibited culture, 
it was estimated that about 50,000 c.p.m. from the extract of the normal 
culture were in compounds other than Park nucleotides. The change in 
total radioactivity in acid-soluble compounds other than Park nucleotides 
as a result of penicillin treatment was, therefore, insignificant, and the 
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increase in isotope in the acid-soluble extract of the penicillin-treated 

culture was entirely the result of accumulation of uridine nucleotides. 
The specific activity of the nucleotides was one-ninth of the added 

uracil-2-C™ (isotope dilution, 9). The isotope dilution for orotic acid-2-C™ 


TaBLeE I 
Incorporation of Isotope into Nucleotide and Nucleic Acid Fractions 
in Normal and Penicillin-Treated Microorganisms 


Incubations and fractionations were carried out as described in the text. The 
data are expressed as total counts per minute. 


Normal culture | Culture with penicillin 
S. aureus* 
Cold TCA extractTf............. 63,000 196, 000 
Total incorporation........... 330, 000 348, 000 


L. helveticus 335§ 


Cold TCA extractt............. | 2,100 : 5, 860 
Hot | 14,650 7,920 
Total incorporation........... | 16,750 | 13,780 


* The S. aureus experiment was carried out with 900 ml. cultures. The total iso. 
tope added at the beginning of the experiment was 827,000 c.p.m. The total of 
Park nucleotides was 1.9 wmoles in the normal culture and 18.5 wmoles in the peni- 
cillin-treated culture. This is one of four similar experiments. 

t Containing acid-soluble nucleotides. 

t Containing nucleic acid. 

§ The L. helveticus experiment was carried out with 400 ml. cultures. The me- 


dium contained an excess of uracil and of uracil-2-C'™. The total of Park nucle } 


otides was 0.13 umole in the normal culture and 0.47 wmole in the penicillin-treated 
culture, estimated as described in Paper I (3). This is one of two similar experi- 
ments. 


was 150 (Table II). Uracil was, therefore, seventeen times as efficient a 
precursor of the nucleotides as was orotic acid. 

The isolated nucleic acid from the uracil-2-C™ experiment was degraded 
in order to ascertain the location of the incorporated isotope (Table III). 
The isotope was about equally divided between the two pyrimidine nucleo 
tides, uridylic and cytidylic acids, and their specific activity was one 
nineteenth of the activity of the uracil-2-C“. Penicillin inhibited the 
incorporation into the two pyrimidine nucleotides of nucleic acid to about 
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the same extent. No significant amount of isotope was found in the 
urines. 

Incorporation of Uracil-2-C™ into Nucleotide and Nucleic Acid in L. 
helveticus 335—Similar results were obtained with L. helveticus (Table I). 
At the end of a 2 hour incubation of normal cells, 12 per cent of the in- 
corporated isotope was in the nucleotide and 88 per cent in the nucleic 
acid fraction. As with S. aureus, penicillin had little effect on the total 


TaBLeE II 
Specific Activity of Uridine Nucleotides from S. aureus 


The uridine pyrophosphate N-acetylamino sugar compounds were purified from 
the cold TCA extracts as described by Park (2). 


Uracil-2-C™ experiment Orotic acid-2-C™ experiment 
Fraction 
Total Park Specific Total Park Specific 
activity nucleotides* | activity activity | nucleotides* | activity 
¢.p.m. umoles c.p.m. pmoles 
TCA extract 196,000 18.5 10,600 7000 21.2 330 
Barium ppt. at 67, 500 9.6 7,030 2100 8.6 245 
60-80% ethanol 
Rptd. at 60-80% 42,300 6.6 6,400 1320 6.1 216 
ethanol 
Passed over Am- 41,600 5.7 7,300 1600 6.4 250 
berlite column 
Hydrolyzed and 13, 700f (2.3)t 5, 960 1550 (5.6)f 275 
UMP isolated 
Isotope added ini- 60, 000 38 , 000 
tially 


* Estimated as N-acetylamino sugar esters, as described in Paper I (3). 
t Only 50 per cent of the Amberlite fraction was degraded to UMP. 
t Micromoles of UMP estimated from ultraviolet absorption. 


incorporation, but changed the distribution of the incorporated isotope so 
that 43 per cent was in nucleotides and 57 per cent was in nucleic acid. 

Degradation of the nucleic acid from a penicillin-treated culture estab- 
lished that the incorporated isotope was entirely in the pyrimidine nucleo- 
tides (Table III). 


DISCUSSION 


Under the experimental conditions employed here, uracil-C“ was in- 
corporated into nucleic acid in resting cell suspensions of S. aureus! to the 
1 Although orotic acid is the preferential precursor of nucleic acid pyrimidines in 


mammalian tissues and in some microorganisms, some bacteria have a nutritional 
requirement for uracil (e.g. S. aureus, under anaerobic conditions (9), and L. helveticus 
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extent that 5 per cent of the nucleic acid pyrimidines was labeled,? and 
penicillin markedly inhibited this incorporation. Since penicillin has no 
bactericidal effect in resting cultures, this effect of penicillin cannot be due 
to a total metabolic derangement preceding cell death. In Paper I (3), 
it was shown that penicillin can also induce the accumulation of acid. 


TaBLE III 
Specific Activities of Purines and Pyrimidines from Nucleic Acid 
Nucleic acid was separated into purine bases and pyrimidine nucleotides as de. 
scribed in the text. S. aureus nucleic acid was obtained from the experiment in 


Table I. L. helveticus nucleic acid was obtained from a separate experiment similar 
to that in Table I. 


| Guanine | Adenine | Cytidylic acid | Unidentified | Usidylic acid 
Normal S. aureus (total 267,000 c.p.m.) 
Total c.p.m........ 5900 100 114,000 19,600 84, 200 
pmoles............. 62.0 63.5 36.5 5.3 29.5 
Specific activity.... 90 2 3,130 3,700 2,850 
Penicillin-treated S. aureus (total 152,000 c.p.m.) 
Total c.p.m........ 3000 0 55, 200 18,000 59, 700 
wmoles............. 57.7 57.5 29.2 8.2 30.4 
Specific activity.... 50 0 1,900 2,200 1,970 
Penicillin-treated L. helveticus 335 (total 10,300 c.p.m.) 

Total c.p.m........ 95 35 4,600 525 4,390 
pmoles............. 4.4 3.0 2.5 0.4 2.1 
Specific activity.... 22 12 1,850 1,400 2,100 


* See the text. 


soluble uridine nucleotides (2) in resting cultures. It can be seen that the 
inhibition of nucleic acid metabolism, as measured by uracil-C™ incorpors- 


335 (10)), which is not satisfied by orotic acid. The incorporation of uracil-C" into 
bacterial nucleic acid has also been observed (11, 12). 

2 Since the isotope dilution into the soluble Park nucleotides was 9, and on the 
assumption that soluble nucleic acid precursors were similarly diluted, the real in- 
corporation value might be as high as 45 per cent. However, the amount of nucleic 
acid extractable by hot TCA from the penicillin-treated cells was within a few per 
cent of the value found for the normal cells. The phenomenon under study, there- 
fore, could not have been net synthesis of nucleic acid, as inhibition of such a process 
would have resulted in a marked decrease in the amount of nucleic acid in the peni- 
cillin-treated cells as compared with the normal cells. 
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tion, was quantitatively related to the accumulation of nucleotides, meas- 
ured by accumulation of isotope in the nucleotide fraction. Some inter- 
pretations of these data are presented in the accompanying scheme. 
Although some effects of penicillin on nucleic acid metabolism have been 
reported (13-15), other investigators, employing different experimental 
conditions, have not always found an inhibition by penicillin of nucleic 
acid synthesis or turnover in S. aureus (16-18). The incorporation of 
isotope in the experimental conditions employed here might, therefore, 


represent some special process having some special significance to the or- 
a Nucleic acid 
Park B 
uridine 
nucleotides 
Uracil f cil uridine X (Peptide- 
nucleotides containing) 
\A 
Pyrimidine“ Nucleic acid 
precursors 


ScHEME 1. Some interpretations of the effect of penicillin on uracil-C" incorpora- 
tion. The observed effects of penicillin, nucleotide accumulation, and inhibition of 
incorporation of isotope into nucleic acid could be the result of a block induced by 
penicillin at points A or B or both in the scheme shown. Penicillin might block in 
some manner a pathway of nucleic acid synthesis, pathway A, as a consequence of 
which uracil is diverted into another metabolic pathway, C, or penicillin might block 
a pathway of nucleic acid synthesis, B, as a consequence of which some direct pre- 
cursor accumulates. Still another possibility would be that penicillin accelerates 
the rate of pathway C. More complex interpretations are also possible. 


ganism. Gale and Folkes (16) have recently found that penicillin inhibits 
both the induced synthesis of B-galactosidase and the accompanying in- 
corporation of isotope into nucleic acid in broken cell suspensions of S. 
aureus. It would be of great interest to know whether nucleotide accumu- 
lation occurs in this circumstance. 

It must be emphasized that the experiments with L. helveticus 335 were 
carried out under conditions under which growth was occurring, since 
accumulation of uridine nucleotides does not occur in resting cultures of 
this organism (3). The interpretation is, therefore, more complicated. 
However, the experience with this organism was similar to that with S. 
aureus, and the decreased incorporation of isotope into nucleic acid induced 
by penicillin was paralleled by a quantitatively similar increase in the 
nucleotide fraction. 
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SUMMARY 


Uracil-2-C“ was incorporated into nucleic acid cytosine and uracil ip 
resting cultures of Staphylococcus aureus. Penicillin inhibited this in. 
corporation. ‘The accumulation of uridine nucleotides in penicillin-treated 
S. aureus, as measured by isotope accumulation, was quantitatively similar 
to the inhibition of incorporation of isotope into nucleic acid. Similar 
data were obtained with Lactobacillus helveticus 335. 

Uracil-2-C“ was seventeen times as efficient as orotic acid-2-C™ as q 
precursor for the acid-soluble uridine nucleotides in S. aureus. 


Addendum—Since this manuscript was written, chemical evidence has been ob. 
tained (19) which strongly suggests that the uridine pyrophosphate N-acetylamino 
sugar peptide is a precursor of the bacterial cell wall in a metabolic pathway in- 
hibited by penicillin; z.e., that peptide-containing Compound X in Scheme 1 is the 
bacterial cell wall. Morphological experiments of Lederberg (20) have led inde- 
pendently to a similar view. In view of the recent finding that uridine diphosphate 
is a direct precursor of polyribonucleotide in S. aureus as well as other bacteria (21), 
a sufficient explanation of the present data would be that, in the presence of peni- 
cillin, uridine diphosphate which would normally be available for ribonucleic acid 
synthesis becomes irreversibly trapped in the form of the uridine nucleotide pre- 
cursors of the bacterial cell wall. However, this does not preclude the existence of 
the more complicated pathway in Reaction B of Scheme 1. 
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‘ STUDIES ON COPPER METABOLISM* 
n- xX. ENZYME ACTIVITIES AND IRON METABOLISM IN COPPER 
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b- 
no The results of studies on certain enzymes, hemin chromoproteins, and 
n- iron and copper in the tissues of normal, copper-deficient, and iron-defi- 
< cient swine are reported in this paper. It has been suggested that the 

enzymes cytochrome oxidase (1-3), uricase (4), tyrosinase (5), plasma 
), polyphenol oxidase (coeruloplasmin) (6), glutathione oxidase (7), and 
ii- butyryl coenzyme A dehydrogenase (8) either contain copper or are asso- 
id ciated with copper in their activity. Accordingly a study of the activity 
. of these enzymes in the tissues has been included. The tissue hemin 


chromoproteins, cytochrome oxidase, cytochrome c, catalase, and myo- 
globin, were studied because of evidence from earlier work (9, 10) that 
hemoglobin synthesis is impaired and that copper influences the metabo- 
lism of iron. Inconsistencies and scarcity of reported data on the hemin 
chromoprotein content of the tissues in copper and iron deficiencies pro- 
vided additional reasons for this study. 


Methods 


The twenty-three swine used in this study were part of a larger group 
used in studies of the hematological manifestations of copper and iron de- 
ficiencies (11). The details of the care and feeding of these animals have 
been described (9). The diet consisted of a commercial brand of canned 

)— evaporated milk diluted 1:1 with water. Six pigs received both iron and 
4 copper as supplements (30 mg. and 0.5 mg., respectively, per kilo per day), 
and served as the control group. Fifteen received only iron in the above 
amount (copper-deficient) and three received only copper (iron-deficient). 
Five of the copper-deficient pigs received a total of 1000 mg. of iron intra- 
venously as saccharated oxide of iron! prior to the development of anemia. 

100 mg. of iron were administered three times a week to these animals. 
Uric acid and allantoin determinations were made on 24 hour samples 


* This investigation was supported by research grant No. C-2231, from the Na- 
tional Institutes of Health, Public Health Service. 
' Proferrin, Sharp and Dohme, Philadelphia, Pennsylvania. 
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of urine from each pig on two or more separate occasions after the develop- 
ment of the deficiency. The urine was collected without preservative for 
24 hour periods. Uric acid was determined by the method of Kalckar 
(12) as modified by Praetorius (13), and allantoin by the method of Young 
and Conway (14). 

Immediately after each animal was killed by bleeding, the liver, kidneys, 
heart, and spleen, and a sample of leg muscle (approximately 100 gm.) 


were removed, blotted free from blood, weighed, wrapped in Parafilm? 


and stored at — 37°. 

Reduced glutathione was determined by the method of Thompson and 
Watson (15), cytochrome c by the direct spectrophotometric method of 
Rosenthal and Drabkin (16), cytochrome oxidase activity by that of 
Cooperstein and Lazarow (17), butyryl coenzyme A dehydrogenase ac- 
tivity by that of Mii and Green (18), catalase activity by that of Richard- 
son et al. (19), and myoglobin by the method of Ginger et al. (20). The 
hamstring muscles from the same leg area were used in all pigs to 
minimize any variations in the proportions of light to dark muscle. 


The determination of iron in the tissues has been described in an earlier 


publication (21). Tissue copper was measured by the method of Peter- 
son and Bollier (22) as modified below for use with tissue digests, the 
preparation of which has been described previously (23). 1 ml. aliquots 
of the digests were placed in 4.0 ml. volumetric flasks, to each of which 
were added 1.0 ml. of a saturated solution of NasHPO, in copper-free 
water and 2 drops of a 0.25 per cent solution of phenolphthalein in 95 per 
cent ethanol. Concentrated NH,OH was added dropwise until a definite 
pink color developed, after which 2.0 nN HCl was added until the pink 
color was faint but still readily discernible. Then 0.2 ml. of a saturated 
solution of Cuprizone’ in 50 per cent ethanol was added, and copper-free 
water to volume. After mixing the reagents, the samples were allowed 
to stand for 45 minutes, were centrifuged, and the optical density was 
determined with a Beckman DU spectrophotometer in a 1.0 cm. cell and 
at a wave length of 600 mu. A standard copper solution and a blank were 
examined with each set of determinations by the same procedure includ- 
ing the digestion. 

Since these animals were not perfused, tissue hemoglobin determina- 
tions were performed by the method of Greenberg and Erickson (24), and 
appropriate corrections were made for the iron and catalase activity con- 
tributed by the blood trapped in the tissues. 


? Marathon Corporation, Menasha, Wisconsin. 
3 Biscylclohexanone oxalyldihydrazone, G. Frederick Smith Chemical Company, 
Columbus, Ohio. 
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RESULTS AND DISCUSSION 


In all the determinations in which no significant difference was found 
between the copper-deficient pigs which received no parenteral iron and 
those which received 1000 mg. of iron intravenously, the data have been 
combined into one copper-deficient group. 


Hemin Chromoproteins 


Cytochrome c—The cytochrome c content of the heart and kidneys is 
presented in Table I. Liver cytochrome c levels were not measured be- 
cause of the technical difficulties associated with cytochrome c determina- 
tions in the liver of non-fasted animals. Although there was a definite 
tendency for the cytochrome c content of the heart and kidneys to be 
higher in pigs which received iron intravenously, these differences were not 
significant when analyzed statistically. There was a significant elevation 
of both the concentration (¢ = 2.7, P = 0.016) and the total cytochrome 
c per organ (¢ = 4.5, P = 0.001) in the hearts of copper-deficient animals 
as compared with the controls. The cytochrome c content of the kidneys 
of copper-deficient pigs was normal. 

In iron-deficient animals, a significant reduction in the cytochrome c 
concentration of the heart (¢ = 8.9, P = <0.001) and the kidneys (¢ = 
3.1, P = 0.02) was found, but there was no significant change in the total 
per organ. In contrast to the copper-deficient pigs, iron-deficient pigs 
were unable to maintain a normal cytochrome c concentration in the 
heart, even though the heart weight was only moderately increased. 

Cytochrome Oxidase—Copper deficiency resulted in an 8-fold reduction 
in the cytochrome oxidase activity of the heart and a 3-fold reduction in 
the liver activity (Table I). These changes were highly significant (P = 
<0.001). The activity in the kidneys was not altered, and no significant 
changes were found in the cytochrome oxidase activity in iron-deficient 
animals. 

These results are in agreement with those of Cohen and Elvehjem (25) 
and of Schultze (1). 

Although the cytochrome oxidase complex contains hemin in its pros- 
thetic group, the reduction in cytochrome oxidase activity in copper defi- 
ciency cannot be explained on this basis. There was no reduction in 
cytochrome oxidase activity in iron deficiency and none in cytochrome c 
activity in copper deficiency. The present studies lend support to the 
suggestion that cytochrome oxidase is dependent on copper for its ac- 
tivity (1-3, 26, 27), but definite clarification of this point must await 
further purification of cytochrome oxidase. 

Catalase—The mean catalase activity in the liver tissue of copper-de- 
ficient animals was significantly lower (t = 6.8, P = <0.001) than that 
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of the control animals (Table I). In the one iron-deficient liver available, 
the catalase activity was below the lowest value in the control group. 
Neither copper nor iron deficiency had any effect on the catalase activity 
of the kidneys. The findings in copper-deficient pigs are in agreement 
with the results in rats reported by Schultze and Kuiken (28), but not 
with those reported in an earlier paper (23) from this laboratory, nor with 
those in mice reported by Adams (29). The reduction in liver catalase 
activity found in the iron-deficient swine is consistent with the results of 
our earlier study (23) and with those of Schultze and Kuiken (28), but not 
with those of Adams (29). Although a difference in liver catalase activity 
between females and males was found in rats by Schultze and Kuiken (28) 
and in mice by Adams (29), no such difference has been found in swine. 


TaBLeE II 
Hemoglobin Content of Blood and Myoglobin Content of Leg and Heart Muscle of Swine 
Group Control Cu-deficient Fe-deficient 
Blood hemoglobin, gm. per 
13.2 + 0.20 4.2 + 0.32 3.2 + 0.42 
Leg muscle myoglobin, mg. 
0.44 + 0.056 0.43 + 0.027 0.12 + 0.017 
Heart myoglobin, mg. per 
2.99 + 0.093 2.25 + 0.091 1.38 + 0.085 
Heart myoglobin, mg. per 
322 + 32.5 417 + 30.8 194 + 41.3 


M yoglobin—The results of the myoglobin determinations are summar- 
ized in Table II, blood hemoglobin concentrations being included for com- 
parison. The copper-deficient animals were severely anemic, their mean 
blood hemoglobin concentration being only 32 per cent of that in the 
control group. In contrast, the concentration of myoglobin in the leg 
muscles remained normal. There was a significant reduction (¢ = 4.9, 
P = 0.001) in the concentration of myoglobin in the heart muscle, whereas 
the total myoglobin per heart was normal or slightly increased. This can 
be attributed to the marked cardiac hypertrophy. 

The iron-deficient animals were likewise severely anemic, with a mean 
blood hemoglobin concentration only 24 per cent of that in the control 
group. However, in iron deficiency in contrast to copper deficiency, a 
marked reduction was found in the myoglobin concentration in both the 
leg muscles (¢ = 15.9, P = <0.001) and the heart muscle (¢ = 10.9, P = 
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<0.001). These reductions in myoglobin concentration were of the same 
order of magnitude as the reduction in blood hemoglobin concentration. 
The total myoglobin per heart was also reduced (¢ = 2.3, P = 0.05) in 
spite of a moderate degree of hypertrophy. In rats deficient in both iron 
and copper, Cowan and Bauguess (30) found a slight decrease in myo- 
globin concentration and a marked increase in the total myoglobin of the 
heart. 

The present data suggest that an impairment in hemin chromoprotein 
synthesis becomes manifest in copper deficiency only when the require- 
ment is increased as a result of an increased turnover rate of the com- 
ponent or of an increase in the mass of the tissue requiring it. The low 
liver catalase may be the result of a rapid turnover rate, a relative increase 
in the size of the liver, and other factors such as inanition. Since the 
turnover rate of myoglobin is slower than that of hemoglobin (31-33), 
impaired synthesis of myoglobin in copper deficiency becomes evident 
only in a tissue such as the heart, which increased 3-fold in size relative to 
body weight. ‘The reason for the increase in cytochrome c of the heart 
in copper-deficient animals is not apparent. It may be an attempt to 
compensate for the reduced oxidative capacity resulting from the low 
cytochrome oxidase activity. If this represents an increase in the rate of 
cytochrome c synthesis, it would suggest a priority over the synthesis of 
other hemin chromoproteins. 

In iron deficiency, on the other hand, an impairment in the synthesis of 
all of the hemin chromoproteins except cytochrome oxidase has been 
demonstrated. This is presumably due to a lack of iron. This finding 
is especially noteworthy in that it does not substantiate Hahn and Whip- 
ple’s suggestion (34, 35) that severe iron deficiency has no effect on the 
levels of myoglobin and the ‘‘parenchymal” iron components of the tis- 
sues. In the present study the diet was very low in iron, and young, 
rapidly growing swine were used which were expanding their tissue mass 
at a rapid rate. In the studies of Hahn and Whipple on adult dogs, 
anemia and a relative iron deficiency were produced and maintained by 
repeated bleedings. The diet used was not strictly iron-deficient and 
hence may have supplied enough iron to meet the small requirements for 
tissue hemin chromoprotein synthesis under these conditions, but not 
enough to meet the needs for new hemoglobin synthesis to replace that 
lost through repeated phlebotomy. Under these conditions, blood loss 
depleted the body of hemoglobin but not necessarily of myoglobin and 
cytochrome c. The results of Cowan and Bauguess (30) have been cited 
to support the view that myoglobin synthesis is not impaired in iron de- 
ficiency. However, their results are complicated by the fact that their 
rats were deficient in both iron and copper. The present study has shown 
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that, in uncomplicated iron deficiency in growing animals, the lack of iron 
prevents the synthesis of tissue hemin chromoproteins in a manner quan- 
titatively similar to its effect on hemoglobin synthesis. 


TABLE III 
Content of Iron in Blood and Several Tissues* of Swine 
Group Control Copper-deficient | Iron-deficient 
y per gm. per gm. ping per gm. pe per gm. 
No. of pigs 6 6 7 7 3 3 3 3 
Bloodt...... 468 961 150 189 120 178 108 185 
11.1) 451.0) 430.4) 422.0] 432.9] 462.5 414.5 43.9 
i 172 87 65 27 1117 631 9 5 
$14.8) 49.5) 410.2 46.1) 487.8! 49.2) 40.7 40.9 
Kidney...... 51 7 22 3 61 7 10 1 
44.71 40.4] 426] 40.3/ 45.3 40.7] 40.9] 40.1 
Spleen. ..... .'127 6 291 12 681 35 39 3 
£10.51 +0.3 +:37.1) +3.1 | 4234.8} 417.1) +3.8| +0.7 
Heart........ 35 4 44 9 62 13 20 3 
| 2.2) 22.2) 40.8) 48.3 | 42.9] +0.9 | +0.4 
Total mg. 
Fe... 1083 + 93.4 239 + 35.9 866 + 53.6 196 + 2.6 
Body 
weight 
Be cis 27.0 + 2.70 15.4 + 1.50 17.7 + 2.43 22.1 + 2.50 
Mg. Fe, 
per kg...| 40.0 + 0.95 15.5 + 1.09 49.0 + 3.33 8.9 + 1.00 


* All irons were corrected for blood iron entrapped in the tissues. 

t These pigs received a total of 1000 mg. of iron intravenously as Proferrin. 

{ The blood iron is expressed as micrograms of Fe per ml. and as mg. per total 
The total red cell iron was calculated from the concentration and the 
total red cell mass obtained as shown in the text. 


red cell mass. 


Bush e¢ al. (36) for normal and anemic swine. 


Total Iron of Blood and Tissues 


The mean values for the content of iron in the blood, liver, kidneys, 
spleen, and heart of control, copper-deficient, and iron-deficient swine are 
presented in Table III. The total amount of iron in the blood hemoglobin 
compartment was calculated by the formula: blood Fe in mg. = Hb in 
gm. per cent X ((total blood volume in ml.)/100) X 3.4. An approxi- 
mation of the total blood volume was obtained from data reported by 


In both the copper-defi- 


cient and the iron-deficient groups, the blood iron was markedly reduced 
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as a result of the anemia. In the copper-deficient group the storage iron 
compartment was significantly reduced as compared to the control group, 
but not to the same degree as in the iron-deficient group. In the animals 
which received 1000 mg. of iron intravenously, most of this iron could be 
accounted for in the storage compartment (673 mg.). The amount of 
iron in the spleens of the copper-deficient animals was increased, presum- 
ably owing to the hemolytic process which has been shown to be a part of 
the copper deficiency syndrome (10). 

The total iron contributed by the sum of the tissues analyzed and the 
blood was approximately the same per kilo of body weight in the copper- 
deficient (15 mg.) as in the iron-deficient (9 mg.) animals, and was much 
less than that found in the control animals (40 mg.). The marked reduc- 
tion in tissue and total body iron found in copper-deficient animals con- 
firms the results of an earlier study from this laboratory (21) and indicates 
an iron deficit nearly as great in degree as that found in iron-deficient ani- 
mals. This is in spite of the large doses of iron (30 mg. per kilo per day) 
received by the copper-deficient swine. This lends further support to the 
suggestion (21, 37) that copper deficiency results in a reduced absorption 
of iron. The increase in the iron content of the heart in copper-deficient 
animals is not surprising in view of the increase in cytochrome c content. 


Other Enzymes Associated with Copper 


No glutathione oxidase or tyrosinase activity could be demonstrated in 
the liver of either control or deficient animals. Butyryl coenzyme A de- 
hydrogenase activity was measured in crude liver homogenates of control 
and copper-deficient pigs. The optical density, measured in 6.0 ml. of 
final volume due to the formation of formazan from 2,3 ,5-triphenyl-2H- 
tetrazolium by 0.1 ml. of 1:10 liver homogenate, was the same in both 
groups (0.218). Hence, copper deficiency did not exert any influence on 
the activity of this enzyme in the crude system studied. 

Uric Acid and Allantoin—Uric acid determinations were made in the 
plasma of several control and copper-deficient pigs. In no case was & 
measurable quantity found. The excretion of uric acid and allantoin in 
24 hour collections of urine was measured in six control, fourteen copper- 
deficient, and three iron-deficient pigs. The results are summarized in 
Table IV. The mean uric acid excretion (in mg. per kilo per 24 hours) 
was 460 per cent greater in the copper-deficient than in the control group, 
while the allantoin excretion was only 175 per cent greater. This resulted 
in a significant increase (t = 4.3, P = <0.001) in the ratio of uric acid to 
allantoin excreted. Iron deficiency had no effect, either qualitative or 
quantitative, on the excretion of uric acid and allantoin. The relation- 
ship between the volume of packed red cells and the uric acid and allantoin 


GUBLER, CARTWRIGHT, AND WINTROBE 541 


excretion is shown in Fig. 1. As can be seen, there was a significant nega- 
tive correlation between the volume of packed red cells and the excretion 
of uric acid (r = —0.46, P = 0.003), or the ratio of uric acid to allantoin 
(r = —0.64, P = <0.001). Since uricase is claimed (4) to be a copper- 
containing enzyme, the increase in the ratio of uric acid to allantoin ex- 
cretion in the copper-deficient animals suggests that the activity of uricase 
may be impaired by a lack of copper. However, the total purine excretion 
is likewise increased, presumably as a result of the shortened life span of 
the red cells. The possibility therefore arises that this relatively greater 


TABLE IV 


Excretion of Uric Acid and Allantoin in Urine of Control, 
Cu-Deficient, and Fe-Deficient Swine* 


Group Controls Cu-deficient Fe-deficient 

No. of pigs 6 14 3 

No. of determinations 12 25 5 

Volume packed red cells, | 41.0 + 1.14 12.9 + 0.69 14.5 + 1.17 
% 

Body weight, kg.T 18.0 + 1.70 14.5 + 0.69 19.0 + 1.99 

Urine uric acid, mg. per 1.3 + 0.10 6.0 + 2.60 2.1 + 0.46 
kg. per 24 hrs. 

Urine allantoin, mg. per | 13.5 + 1.28 23.5 + 2.30 16.2 + 2.29 
kg. per 24 hrs. 

Total uric acid + allan- | 14.8 + 1.37 29.2 + 3.25 18.3 + 2.72 
toin, mg. per kg. per 24 
hrs. 

Ratio, allantoin-uric acid 0.10 + 0.008 0.24 + 0.002 0.12 + 0.016 


* Each value is a mean accompanied by its standard error. 
+t Body weight at the time samples were collected. 


output of uric acid is merely a function of the increase in the total purine 
excretion. 

Glutathione—The values obtained for the reduced glutathione content 
of the red blood cells and the liver are summarized in Table V. The mean 
concentration of glutathione in microgram per ml. of red cells was sig- 
nificantly increased in both the copper-deficient (¢ = 2.31, P = 0.04) and 
the iron-deficient (¢ = 7.6, P = <0.001) swine. Since the red cells were 
microcytic (11), the glutathione content per unit number of red cells was 
essentially normal in the iron-deficient group and was only moderately 
increased in the copper-deficient group (¢ = 2.4, P = 0.03). In contrast, 
the liver glutathione content was decreased significantly (¢ = 6.3, P = 
<0.001) in the copper-deficient animals. There was no significant change 
in the liver glutathione of iron-deficient animals. 
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Fig. 1. The relationship of the excretion of uric acid and allantoin to the volume 


of packed red cells (VPRC) in copper-deficient swine. 


TABLE V 


Reduced Glutathione and Copper Content of Red Cells 
and Some Tissues of Swine* 


Tissue Control Cu-deficient Fe-deficient 
No. of pigs 6 11 3 
Red cell glutathione, y per ml. red | 465 + 9.6 703 + 65.2 1080 + 121.8 
blood cells 
Red cell glutathione, y per 10'° red | 250 + 3.8 374 + 36.2 307 + 31.0 
blood cells 
No. of pigs 6 9 3 
Liver glutathione, y per gm.t 2189 + 90.2 | 1226 + 108.4 | 2039 + 49.7 
es ” mg. per liver 1126 + 133.0 | 522 + 53.2 999 + 80.1 
No. of pigs 6 8 3 
Liver copper, y per gm.t 10.9 + 2.63 | 0.5 + 0.04 10.8 + 2.47 
i <¢ mg. per liver 5.3 + 1.17 0.2 + 0.02 5.5 + 1.65 
Kidney copper, y per gm.t 4.7 + 0.42 2.1 + 0.14 9.4 + 1.54 
4 ‘mg. per 2 kidneys | 0.7 + 0.09 0.3 + 0.03 1.4 + 0.33 


* All the values represent means + the standard error. 
Tt Based on wet weight of the tissue. 
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The significance of the marked reduction in liver glutathione in copper 
deficiency is not clear. The anemia per se had no influence since equally 
anemic iron-deficient pigs showed no reduction in liver glutathione. The 
data suggest an association between copper and glutathione metabolism 
in the liver, but this may not necessarily be a direct relationship. 


Tissue Copper 


The content of copper in the livers and kidneys is presented in Table V. 
In confirmation of the results of an earlier study (23), the copper content 


TaBLeE VI 


Influence of Copper and Iron Deficiencies on Weights of 
Various Organs of Swine 


Group Control Cu-deficient Fe-deficient 

No. of pigs 6 9 5 3 

Total body weight, | 27.0 + 2.70 | 15.2 + 1.20 | 16.1 + 2.22 | 22.1 + 2.50 
kg. 

Heart, weight, gm. | 108 + 9.7 183 + 21.9 195 + 16.4 140 + 24.7 
” % body | 0.40 + 0.016 | 1.22 + 0.089 | 1.26 + 0.100 | 0.63 + 0.057 
weight 

Liver, weight, gm. | 508 + 38.0 407 + 32.7 625 + 60.0 492 + 51.8 
2 % body | 1.88 + 0.085 | 2.71 + 0.181 | 4.37 + 0.880 | 2.24 + 0.284 
weight 

Kidney, weight, | 150 + 13.0 116 + 10.0 114+ 17.8 | 140 + 15.2 
gm. 

Kidney, % body | 0.56 + 0.029 | 0.78 + 0.014 | 0.72 + 0.071 | 0.63 + 0.053 
weight 3 

No. of pigs 6 7 3 3 

Spleen, weight, gm. | 47 + 5.6 56 + 22.7 48 + 8.5 75 + 27.2 

Spleen, % body | 0.18 + 0.006 | 0.29 + 0.045 | 0.28 + 0.065 | 0.33 + 0.094 
weight 


of these tissues was found to be markedly reduced in all copper-deficient 
animals. Copper levels in the liver were in the normal range in the 
iron-deficient pigs, and the copper content of the kidneys was signifi- 
cantly elevated (P = 0.01). 


Organ Weights 


The organ weights and their relationship to total body weight are sum- 
marized in Table VI. The weights of the liver (¢ = 3.5, P = 0.004), 
kidneys (t = 4.2, P = 0.001), and heart (¢ = 7.7, P = <0.001) were sig- 
nificantly greater in proportion to body weight in the copper-deficient 
animals than in the controls. The actual heart weight was significantly 
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greater in the copper-deficient group (¢ = 3.5, P = 0.005), in spite of their 
smaller total body weight. The intravenous administration of 1000 mg. 
of iron to copper-deficient animals led to a significantly greater increase 
(¢ = 3.5, P = 0.005) in liver weight than that found in the copper-de- 
ficient pigs receiving no parenteral iron. Iron deficiency was associated 
with a significant increase (¢ = 5.2, P = <0.001) in relative heart weight. 
This change was, however, much smaller in degree than that found in the 
copper-deficient animals, and the weights of the liver and kidneys were 
normal. The spleen weight was not affected by either deficiency. 
Cardiac hypertrophy was a prominent feature in the copper-deficient 
pigs. Others (1, 30, 38) have found cardiac hypertrophy in rats with 
anemia owing to a deficiency of both iron and copper. In our pigs, the 
cardiac hypertrophy cannot be explained entirely by the presence of ane- 
mia, since the iron-deficient swine were equally anemic and did not have 
as great a degree of cardiac hypertrophy. It seems possible that the 
cardiac hypertrophy in copper deficiency is an effort to compensate for 
the reduction in respiratory activity. The marked reduction in cyto- 
chrome oxidase activity may well be the explanation of the sudden cardiac 
failure which we as well as others (39) have observed in copper-deficient 
animals. It may be significant that, in those copper-deficient pigs which 
received massive doses of iron parenterally, the relative liver weights were 
much greater than in those which stored little iron. Earlier studies (23, 
40) would suggest that these increases in tissue weight are due to his- 
tologically normal tissue and not to fatty infiltration or to necrotic tissue. 


SUMMARY 


A study has been made of the influence of copper and iron deficiencies 
on the hemin chromoprotein, copper, iron, and enzyme content of the 
blood and various tissues of swine, as well as on the size of various organs. 

In general, iron deficiency resulted in a decrease in the hemin chromo- 
protein content of the blood and tissues. Copper deficiency was associ- 
ated with a decrease in concentration of hemin chromoproteins only when 
an increased requirement was evident, as indicated by an increased turn- 
over rate or a disproportionate increase in tissue mass. In the heart, both 
the concentration and the total cytochrome c as well as the total myoglobin 
were increased in copper-deficient animals. 

Cytochrome oxidase activity was not influenced by iron deficiency but 
was markedly reduced in copper deficiency. Liver catalase activity was 
decreased in both iron and copper deficiencies. 

The butyryl coenzyme A dehydrogenase activity in liver homogenates 
was not altered by copper deficiency. 

The content of glutathione in the liver was decreased in copper deficiency 
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and normal in iron deficiency. The red cell concentration was increased in 
both iron and copper deficiencies, but the content of the individual red cell 
was only moderately increased in copper deficiency and was normal in iron 
deficiency. 

The excretion of uric acid and allantoin was normal in iron deficiency. 
In copper deficiency, an increase in allantoin and a relatively greater in- 
crease in uric acid excretion were found. This resulted in a 2.5-fold in- 
crease in the ratio of uric acid to allantoin excreted. 

Copper levels were very low in the tissues of copper-deficient swine and 
normal or high in iron-deficient swine. 

Total tissue iron was moderately reduced and hemoglobin iron was 
markedly reduced in copper deficiency. There was a marked reduction in 
both iron compartments in iron deficiency. Total iron per kilo of body 
weight in copper-deficient pigs did not differ greatly from that in iron- 
deficient pigs. 

Iron deficiency was associated with a 50 per cent increase in heart weight 
relative to body weight. The other organs were not affected. 

Copper deficiency resulted in a marked (200 per cent) increase in heart 
weight and a moderate increase in liver and kidney weight relative to body 
weight. The other organs were not affected. 
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OXIDATIVE PHOSPHORYLATION BY AN ENZYME COMPLEX 
FROM EXTRACTS OF MITOCHONDRIA 


IV. ADENOSINETRIPHOSPHATASE ACTIVITY* 


By CECIL COOPER anp ALBERT L. LEHNINGER 


(From the Department of Physiological Chemistry, The Johns Hopkins University 
School of Medicine, Baltimore, Maryland) 


(Received for publication, July 23, 1956) 


Earlier communications in this series have described some properties of 
a multienzyme complex separated from digitonin extracts of rat liver mito- 
chondria, which carries out electron transport from substrate to molecular 
oxygen accompanied by coupled phosphorylations (1-4). These enzyme 
preparations have afforded closer and more direct experimental approaches 
to the study of oxidative phosphorylation than have been possible with 
intact mitochondria. In this paper, the ATPase! activity of this enzyme 
complex is considered in relation to oxidative phosphorylation. An asso- 
ciation between these enzymatic activities has already been suggested by 
work on intact mitochondria. It has been observed that freshly prepared 
mitochondria have little or no ATPase activity (5). However, when they 
are aged or subjected to the action of 2,4-dinitrophenol or certain other 
agents, considerable ATPase activity develops (6-10). Since the stimula- 
tion of ATPase activity in intact mitochondria can be brought about by 
concentrations of DNP which are known to uncouple oxidative phospho- 
rylation, it has been proposed that this ATPase activity represents a hy- 
drolytic dysfunction of the activity of an enzyme or enzyme system which 
normally transfers phosphate reversibly from a primary “high energy” 
phosphate ester formed during coupled electron transport to ADP, the fi- 
nal acceptor (9, 7, 10, 11). 

Evidence summarized in this paper and Paper V (12) demonstrates a 
functional relationship between ATPase activity and oxidative phospho- 
rylation in the enzyme complex prepared from digitonin extracts of mito- 
chondria. A preliminary report on some of the data has been presented 
(13). 


* This investigation was supported by grants from the United States Public Health 
Service, the Nutrition Foundation, Inc., and the National Science Foundation. 

1 Abbreviations, ATP and ADP for adenosine tri- and diphosphates, respectively, 
and, similarly, ITP, IDP, UTP, UDP, etc., for the corresponding tri- and diphos- 
phates of inosine, uridine, guanosine, and cytidine; DNP, 2,4-dinitrophenol; Pi, 
inorganic phosphate; Dicumarol, 3,3’-methylenebis(4-hydroxycoumarin); Tris, 
tris(hydroxymethyl)aminomethane. 
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EXPERIMENTAL 


The phosphorylating enzyme complex was prepared as described earlier 
(2). The 5’-diphosphates and -triphosphates of the various nucleosides 
were commercial preparations (GTP, ITP, GDP, and IDP from the Sigma 
Chemical Company; UTP, UDP, CTP, CDP, ATP, and ADP from the 
Pabst Laboratories). Orthophosphate was determined by the procedure 
of Martin and Doty (14). Other experimental details are noted in the 
text, in Tables I to IV, and in Figs. 1 to 6. P*-labeled ATP was prepared 
by the oxidative phosphorylation of ADP with orthophosphate labeled 
with P® by using the digitonin enzyme preparation and cytochrome c and 
ascorbate as substrate. After deproteinization of the reaction medium 
with perchloric acid, neutralization with KOH, and removal of the KCIQ,, 
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10 20 30 40 50 
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Fic. 1. Rate of hydrolysis of ATP. The test system contained 0.006 m ATP, 
enzyme (48 y of total N), and H,0 to a total volume of 0.50 ml.; incubation at pH 7.0 
and 23°. DNP was present at 4 X 10-4m and MgCl, at 0.003 m in appropriate vessels. 
The curves show the rate of hydrolysis of ATP in the absence and presence of DNP 
and in the presence of Mg**. 


the ATP was obtained, free from ADP, by ion exchange chromatography 
on Dowex 1 columns. 


Results 


Specificity of ATPase Activity—The phosphorylating enzyme complex 
obtained from digitonin extracts of rat liver mitochondria hydrolyzes ATP 
at a relatively low rate, which is greatly increased in the presence of 4 X 
10-* m DNP (Fig. 1). These reactions occur in the absence of added 
Megt+. Earlier work with these enzyme preparations had shown that ad- 
dition of Mgt is not required for oxidative phosphorylation and is in fact 
inhibitory (2-4). For this reason, the properties of the enzyme complex 
in the absence of added Mg**+ have greatest relevance to oxidative phos- 
phorylation. However, the preparations also contain a Mg*++-stimulated 
ATPase activity with properties similar to the Mg*+-stimulated ATPase 
of mitochondria studied by Kielley and Kielley (15); (Fig. 1). 
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In Table I are representative data demonstrating the substrate speci- 
ficity of the ATPase activity in the absence and presence of DNP, and also 
in the absence and presence of added Mgt*. It is seen that in the absence 
of added Mg** the enzyme complex is relatively specific for ATP, showing 
negligible activity toward ITP, GTP, CTP, and UTP. It is also seen that 
addition of DNP greatly stimulates the hydrolysis of ATP but has no 
stimulatory effect on the hydrolysis of ITP, GTP, CTP, and UTP. These 


TABLE I 
Specitcity of DNP-Stimulated ATPase 
The reaction system contained final concentrations of 0.005 m nucleoside 5’-tri- 
phosphate or diphosphate, pH 7.0, and phosphorylating enzyme complex (49 y of 
total N in Experiment 1 and 67 y in Experiment 2) in a final volume, made up with 
H,0, of 0.50 ml. Additions of 4 X 10°‘ m DNP and 0.003 m MgCl. were made as 
indicated below; incubated 20 minutes at 23°. 


Pj formed 
Experiment No. Substrate No added Mg** +0.003 um Mg** 

— DNP + DNP — DNP + DNP 

umole pmoles pmoles pmoles 

1 ATP 0.31 1.31 2.21 2.20 
ITP 0.04 0.05 1.34 1.39 

GTP 0.06 0.05 0.75 0.86 

CTP 0.02 0.01 0.10 0.15 

UTP 0.03 0.05 0.26 0.38 

2 ATP 0.42 1.70 2.40 2.41 
ADP 0.06 0.07 0.25 0.18 

IDP 0.05 0.07 0.11 0.12 

GDP 0.07 0.08 0.17 0.20 

CDP 0.02 0.03 0.09 0.08 

UDP 0.04 0.03 0.09 0.09 


observations are in concord with the finding that, of all the nucleoside 5’- 
diphosphates tested, only ADP can serve as phosphate acceptor during 
coupled phosphorylation by the enzyme complex (2-4). This, as well as 
other evidence to be presented, suggests that the DNP-stimulated ATPase 
activity is a reflection of a specific enzyme activity associated with oxida- 
tive phosphorylation. | 

The data summarized in Table I also demonstrate that nucleoside 5’- 
diphosphates are not hydrolyzed at a significant rate by the enzyme com- 
plex in the absence or presence of DNP. It may be concluded that the 
ATPase removes only the terminal phosphate of ATP. Furthermore, tests 
of pairs of nucleoside 5’-diphosphates, in which one member was ADP, 
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revealed no combination the hydrolysis of which was stimulated by DNP; 
such experiments rule out the presence of significant amounts of ‘“‘mixed” 
myokinase activity (16). Similar experiments carried out with combina- 
tions of ADP and the 5’-triphosphates of other nucleosides ruled out the 
presence of nucleoside diphosphokinase (17) comparable in absolute actiy- 
ity to the DNP-stimulated ATPase. Some experiments with adenosine 
tetraphosphate (Sigma Chemical Company) as substrate indicated that no 
significant formation of inorganic phosphate or inorganic pyrophosphate 
occurred on incubation with the digitonin complex in either the absence 
or the presence of DNP. Finally, it is clear that there is no significant 
specific IDPase activity in the isolated enzyme complex such as has been 
demonstrated in soluble mitochondrial fractions by Plaut (18), Gregory 
(19), and Gamble and Lehninger (20). 

Metal Ion Requirement—Oxidative phosphorylation proceeds with maxi- 
mal P:O ratios in the isolated enzyme complex in the absence of added 
Mg?*"; actually, addition of Mg** in low concentrations uncouples phos- 
phorylation (2-4). The data in Table I collected from experiments in 
which Mg** was not added to the test system are thus most pertinent to 
the mechanism of oxidative phosphorylation. However, data from sys- 
tems containing added Mgt are also shown for comparison. It is seen 
that Mg** greatly stimulates ATPase activity, an action which probably 
accounts for the uncoupling of phosphorylation in the presence of added 
Mgt. Usually, when the ATPase is stimulated by Mgtt, no additional 
stimulation was given by DNP (see Table I).2_ In the presence of Mg*, 
ITP is split at about 60 per cent and GTP at about 35 per cent of the rate 
with ATP. The stimulation of this reaction by Mgt* and the substrate 
specificity, which is qualitatively different from the ATPase activity of the 
enzyme complex tested in the absence of added Mg**, suggest that the 
preparations contain the Mg-stimulated mitochondrial ATPase described 
by Kielley and Kielley (15) in addition to another ATPase activity which 
is functional in the absence of added Mg**, and which is presumably a 
reflection of the transphosphorylation mechanisms of oxidative phospho- 
rylation (9, 7, 10,11). Further evidence for this distinction is presented 
below and in Paper V (12). 

Data presented in Table II show that Mnt*, Fet*, and Cot* may re- 
place added Mg** in the stimulation of ATPase activity. In general, no 


? Preparations of the digitonin enzyme complex which had suboptimal phos- 
phorylating activity were found to have a somewhat different pattern of ATPase 
activity. Activation by DNP alone was somewhat less pronounced and by Mg* 
alone about the same as in fully active preparations. However, DNP plus Mg* 
produced considerable extra stimulation of ATPase above that given by Mg* 
alone. This observation may have a bearing on the mechanism of inactivation of 
the coupling enzymes. 
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further stimulation is given by DNP. Cat* and Fet++ are inactive but do 
not interfere significantly with the normal stimulation given by DNP. 
The inactivity of Ca** is in accordance with the properties of the mito- 
chondrial Mgtt+-ATPase (15). 

Although oxidative phosphorylation in the isolated enzyme preparation 
and in the associated DNP-stimulated ATPase does not require the addi- 
tion of Mgt* to the test medium for maximal activity, it may not neces- 
sarily be concluded that Mg** or some other metal is not an integral part 
of the enzyme. Emission spectroscopy of typical digitonin enzyme prepa- 


TABLE II 
Effect of Metal Ions on ATPase 


The test system contained 0.006 m ATP, pH 7.0, enzyme complex (50 to 70 y of 
N), H.O, and additions to 0.50 ml.; incubated 20 minutes at 23°. 


Pj formed 
Experiment No. Metal ion 

— DNP + DNP 

pmoles pumoles 

| None 0.30 1.27 
0.003 m Mgt+ 1.88 1.95 

0.003 Catt 0.33 1.28 

2 None 0.22 0.82 
0.003 m Mgtt 2.55 2.43 

0.003 Mnt+ 2.29 2.04 

3 None 0.27 0.84 
0.003 m Mgt* 2.22 2.10 

0.003 1.29 1.86 

0.003 ‘* Fett 2.19 2.07 

0.003 Fett+ 0.24 1.02 


rations showed the presence of about 1600 mumoles of Mg per mg. of total 
N or about 270 mumoles of Mg per millimicromole of heme Fe. Relative 
to these amounts of bound Mg, only traces of Mn, Co, and Ca could be 
found. Although it is possible that the bound Mg found in the prepara- 
tion may serve as the activating metal for the phosphorylation-linked ATP- 
ase activity, it would appear that the latter differs radically in mechanism 
from the ATPase described by Kielley and Kielley (15). This enzyme 
appears to require the Mg-ATP complex as substrate, since maximal activ- 
ity is given at equimolar ratios of added Mgt* and ATP over a wide range 
of ATP concentrations (15) ; the enzyme-bound Mg** appears not to suffice 
for this reaction to occur at maximal rates in the digitonin complex. 
Optimal pH—The curves in Fig. 2 demonstrate the effect of pH in activ- 
ity of the ATPase alone and in the presence of DNP and Mgt+. In the 
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absence of activator, it is seen that there is significant ATPase activity 
over a wide range of pH from pH 5.5 to 10.0, with a rather broad and flat 
maximum at pH 9.0. Previous work had shown that oxidative phospho. 
rylation similarly occurs over a wide range of pH in these enzyme prepara. 
tions. On the other hand, the DNP stimulation is most pronounced at 
pH 7.0 and is minimal at pH 6.0 and above pH 9.0. In the presence of 
Mg*t, ATPase activity rises steeply from pH 6.0 to a peak at pH 8.5; this 
finding is in close agreement with the pH-activity curve of the Mgt+-stimu- 
lated ATPase described by Kielley and Kielley (15). 

Substrate Concentration—The effect of ATP concentration on the rate 
of splitting in the absence of activator is shown in Fig. 3. It is seen that 
the enzyme system is saturated at rather low concentrations of substrate. 


P. SPLIT 


Fic. 2. Effect of pH on activity of ATPase. The test system contained 0.06 
mM ATP, enzyme (52 y of total N), Tris (0.01 m), and activators in a total volume of 
0.5 ml. When present, MgCl. was 0.003 m and DNP, 4 X 1074 mM; incubated 20 min- 
utes at 22°. ATP served as buffer below pH 7.0 and Tris above pH 7.0. 


The extrapolated K,, for ATP is approximately 2.5 K 10~ mole per liter. 
In the presence of DNP, however, the enzyme system requires a consider- 
ably higher concentration of substrate for saturation; A,, under these 
circumstances was almost 10-fold greater or about 2 X 10-* mole per liter. 
When Mgt* was present, K,, was found to be about 3 X 10-* mole per 
liter. 

Effect of Hydrolysis Products—The ATPase activity of the enzyme com- 
plex, tested in the absence of DNP or Mgt, was found to be inhibited by 
ADP, as is shown in Fig. 4. The degree of inhibition depended on the 
concentration not only of ADP but also of ATP, suggesting competition 
between these nucleotides. However, when the data were plotted according 
to Lineweaver and Burk, the curves were neither rectilinear nor did they 
possess a common intercept, implying that the inhibition is not purely 
competitive in nature. No inhibition of the ATPase activity could be 
observed with IDP, GDP, UDP, and CDP or with adenylic acid or i 
organic pyrophosphate. 
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The effect of inorganic phosphate on ATPase activity was studied with 
use of ATP labeled with P*® in the terminal phosphate group; the appear- 
ance of labeled P; was taken as a measure of ATPase. At concentrations 
up to 0.01 m, P; did not significantly inhibit splitting of ATP either in the 
absence of Mg** or in the presence of DNP. There was significant accel- 
eration (about 40 per cent) by 0.01 m Pj; in the presence of Mgt’; this 
finding is in agreement with the properties of the Mg**t-stimulated ATPase 
of Kielley and Kielley (15). However, 0.02 m P; produced inhibition of 
ATPase in the absence and presence of Mgt*. 

Effect of Uncoupling Agents—It has already been shown that DNP stim- 
ulates the ATPase activity of the phosphorylating enzyme complex. Half 
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Fig. 3. Effect of ATP concentration on activity. The details were as those in 
Fig. 1. 

Fic. 4. Effect of ADP on ATPase. The system contained ATP and ADP in con- 
centrations shown and 49 y of enzyme N at pH 7 adi in a total volume of 0.50 ml; in- 
cubated 20 minutes at 23°. 


maximal stimulation of ATPase is given by about 2 X 10-5 m DNP; this 
concentration of DNP produces about 90 per cent uncoupling of oxidative 
phosphorylation in these preparations. Other uncoupling agents have 
been tested, and the experimental findings are given in Table III. It is 
seen that, in addition to DNP, Dicumarol, pentachlorophenol, and gram- 
icidin cause stimulation of ATPase activity. All these agents uncouple 
phosphorylation coupled to oxidation (2-4) and inhibit the ATP-P;* ex- 
change reaction (11). On the other hand, Ca++ and the p and Lx stereo- 
isomers of thyroxine and triiodothyronine, which uncouple phosphorylation 
in intact mitochondria but not in the digitonin complex (21), do not stim- 
ulate ATPase. These findings thus provide additional supporting evidence 
for a functional relationship between ATPase activity and the coupling of 
phosphorylation to oxidation. 

Effect of Sucrose and KCl—Sucrose added in isotonic or hypertonic con- 
centrations to the test medium causes drastic inhibition of ATPase activity 
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in the absence or presence of DNP (Fig. 5). It is of considerable interest 
that isotonic sucrose (0.3 mM), commonly used for preparation of mitochon- 
dria and also to maintain tonicity in reaction media containing intact 
mitochondria, gives over 50 per cent inhibition of ATP splitting in the 
absence of activator and about 90 per cent inhibition of DNP stimulation. 
In other experiments with the digitonin enzyme complex, it has been found 
that sucrose also uncouples oxidative phosphorylation significantly. 

On the other hand, sucrose causes relatively insignificant inhibition of 
Mgtt-stimulated ATPase, even at the highest concentrations tested (Fig. 
5). This finding provides strong evidence that the Mgt*-stimulated actiy- 


III 
Effect of Uncoupling Agents on ATPase 


The system contained 0.006 m ATP, pH 7.0, enzyme complex (67 y of N), and 
components listed in a total volume of 0.50 ml.; incubated 20 minutes at 23°. 


Agent Concentration Orthophosphate liberated 
M pmoles umole (net) 
Pentachlorophenol............... 1 X 10-5 0.96 0.66 
6 X 10-6 0.87 0.57 
1.1 10-4 0.37 0.07 
1.1 X 10-4 0.33 0.03 
L-Triiodothyronine............... 1.1 10-4 0.33 0.03 
p-Triiodothyronine............... 1.1 X 10-4 0.28 —0.05 


ity is unrelated functionally to ATPase activity observed in the absence 
of added Mg**. 

The effect of sucrose does not appear to be solely a matter of tonicity. 
KCl tested over a similar range of osmolarity gives quite different effects: 
little inhibition of ATPase, pronounced inhibition of DNP-stimulated 
ATPase, and substantial inhibition of Mg++-stimulated ATPase (Fig. 6). 
Lardy and Wellman (7) have reported striking effects of sucrose and KCl 
on the Mg-stimulated ATPase found in extracts of acetone-dried mito 
chondria; however, these extracts do not catalyze the ATP-P;®” exchange 
reaction, and it is therefore uncertain what relationship their findings have 
to those reported here. Effects of sucrose on the ATPase of intact mito- 
chondria have been described by Potter et al. (8). 

Effect of Aging—The “latent” ATPase of intact mitochondria can be 
evoked by aging (5) as well as by treatment with uncoupling agents such 
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as DNP (7). Since the ability to couple phosphorylation to oxidation of 
g-hydroxybutyrate is lost on aging of the digitonin complex at 30-40°, 
some tests were carried out on the effect of aging on the ATPase and its 
stimulation by DNP. It was found that the ATPase activity tested in 
the absence of activator showed no significant change on aging. However, 
the preparations lost their responsiveness to stimulation by DNP. In 
Paper V (12), it is seen that the rates of loss during aging of DNP stimu- 
lation, the ATP-P;*” exchange, and coupling of phosphorylation to oxidation 
were approximately equivalent, indicating strongly that these multienzyme 
systems have a common denominator. 

ATP Hydrolysis during Oxidative Phosphorylation—From the data re- 
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Fic. 5. Effect of sucrose on ATPase. The system contained 0.006 m ATP, pH 
7.0,enzyme complex (55 y of N), and additions to a total volume of 1.0 ml.; incubated 
20 minutes at 30°. When added, MgCl. was 0.003 m and DNP, 4 X 10° m. The 
data obtained with additions of Mgt*t or DNP were plotted as increments above 
the ATPase activity observed in the absence of stimulating agent. 

Fic. 6. Effect of KCl on ATPase. The reaction system was as in Fig. 5. 


ported in this paper, it is evident that significant hydrolysis of ATP can 
occur under conditions similar to those which have been used in studying 
net phosphorylation of ADP coupled to electron transport, 7.e. 0.01 m Pi, 
0.0024 m ADP, and pH 6 to 7 (2-4). Comparison of the rate of hydrolysis 
of ATP with the rate of formation of ATP which occurs during coupled 
phosphorylation in the digitonin preparations is of importance, since the 
P:2e ratios of coupled phosphorylation in these preparations (2-4) are not 
consistently at the maximum believed to be characteristic for the electron 
transport spans which have been studied (22-24); loss of efficiency could 
obviously be caused by simultaneous hydrolysis of the ATP formed. Pre- 
cise calculation of the deficit in the P:2e ratio which could be caused by 
this ATP “leak” is difficult because the concentration of ATP formed 
during net phosphate uptake is small and constantly increases during the 
course of the reaction and a relatively high concentration of ADP is always 
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present as acceptor. Such calculations also assume that the ATPase actiy- 
ity of the digitonin enzyme complex during oxidative phosphorylation 
is the same as it is under conditions in which electron transport is not 
taking place. 

Experiments have therefore been carried out to determine the approxi- 
mate magnitude of the ATPase activity occurring during oxidative phos- 
phorylation of ADP, compared with that occurring in the absence of oxi- 
dation (see Table IV). In Vessel 1, containing 6-hydroxybutyrate, ADP, 
0.001 m ATP (unlabeled), labeled Pi, and the digitonin enzyme complex, 
the rate of P; uptake coupled to oxidation of B-hydroxybutyrate was meas- 
ured in the usual manner, yielding an uptake of 0.435 umole of P; and a 


TABLE IV 
ATPase Activity during Oxidative Phosphorylation 


The basic test system contained 0.01 m 6-hydroxybutyrate, 0.0024 m ADP, 0.001 
m ATP, 0.01 m phosphate, pH 7.0, and enzyme complex (150 y of N) in a total volume 
of 3.0 ml.; incubated 20 minutes in air at 23°. 


Vessel No. Componant Alterations in system Reaction measured A umole P; 
1 Pp; None Oxidation-coupled Pj; | —0.435* 
uptake 
2 ATP ” ATPase during oxida- | +0.183 
tive phosphorylation 
3 33 +0.001 m KCN ATPase; no oxidation | +0.151 
4 No §-hydroxybutyrate | ATP-P;*? exchange 0.018 


* The P:2e ratio in Vessel 1 was 1.40. 


P:2e ratio of 1.40. In Vessel 2, otherwise identical to Vessel 1, the P; was 
unlabeled, but the ATP added was labeled in the terminal phosphate group 
with P®,. The appearance of P® in the inorganic phosphate pool therefore 
provided an estimate of the ATPase activity occurring simultaneously 
with oxidative phosphorylation. Since the specific activity of the P* in the 
terminal phosphate of the labeled ATP was relatively small and the pool 
of inorganic phosphate into which it was discharged was relatively large, 
newly formed ATP was relatively small in amount and of negligible specific 
activity. It will be noted that the ATPase activity on 0.001 m ATP 
yielded P; at a rate of about 42 per cent of the rate of P; uptake during the 
coupled phosphorylation. 

In Vessel 3, oxidation and the coupled phsophorylation were prevented 
by addition of cyanide; the P* appearing as inorganic phosphate from l- 
beled ATP is a measure of ATPase uncomplicated by oxidative events. 
It is seen that there is only a small difference in ATPase activity (Vessel 
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2 versus Vessel 3) in the presence and absence, respectively, of simultaneous 
oxidative phosphorylation; clearly, the ATPase activity is not ‘turned 
off” during oxidative phosphorylation. Vessel 4 provides an indication 
of the magnitude of exchange of P;*? into ATP (12) in the absence of oxi- 
dative phosphorylation; the low incorporation observed represents a rela- 
tively insignificant correction to the changes measured in Vessels 1, 2, and 
3. 
The rate of hydrolysis of ATP during oxidative phosphorylation by the 
digitonin enzyme complex is thus of a sufficient magnitude to account for a 
part of the deficit in the P:2e ratios from values accepted as maximal. Be- 
cause of the complexity of the kinetic factors involved, however, no at- 
tempts were made to account more quantitatively for the magnitude of 
the ATPase leak. 


DISCUSSION 


From the evidence presented in this paper, it appears very probable that 
the ATPase activity of the enzyme complex obtained from digitonin ex- 
tracts of mitochondria has a functional relationship to the enzymatic mech- 
anism by which phosphorylation of ADP is coupled to electron transport. 
Although such a relationship was already apparent on study of intact mito- 
chondria (6-11), the results of experiments on the digitonin enzyme com- 
plex, which appears to be relatively free of extraneous activities, strengthen 
the argument considerably. Among the most important pieces of evidence 
is the absolute specificity toward adenine nucleotides, not only for the 
coupled phosphorylation and ATPase, but also for the exchange reaction 
described in Paper V (12). Another important piece of evidence is the 
perfect correspondence between agents capable of uncoupling phosphory]- 
ation in the digitonin complex and those capable of stimulating ATPase 
activity. 

The data are entirely consonant with the view (6-12) that the ATPase 
action is a reflection of the hydrolytic breakdown of an intermediate ‘‘high 
energy” phosphate ester normally generated during oxidative phospho- 
rylation which is presumed to transfer its phosphate reversibly to ADP. 
The reaction sequence for the ATPase activity can thus be formulated in 
the simplest terms as follows: 


(1) ATP + C2ADP+P~C 
(2) P~C+H,O—Pi+C 


In this formulation, P ~ C represents the hypothetical high energy phos- 
phate ester generated during electron transport or formed from ATP by 
phosphorylation of a hypothetical intermediate (protein), C (12). Its hy- 
drolysis, as in Reaction 2, is not necessarily enzymatically catalyzed, since 
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it is conceivable that this ester is inherently unstable and undergoes hy- } phe 
drolysis spontaneously on contact with water; it may also react spontane- } fron 
ously with DNP and other uncoupling agents (6-12). It should be | kno 
pointed out that the primary reaction of ATP with C could also be re- § tion 
garded as forming ADP ~ C + Pi, as an alternative to the scheme sug- | pho 
gested in Reactions 1 and 2. In this case, ADP ~ C then could undergo J higt 
secondary hydrolysis. phe! 

The ATPase activity of the isolated digitonin enzyme complex is rela- | The 
tively higher compared to net uptake of phosphate during electron trans- | addi 
port than is the case in intact mitochondria. It is therefore possible that | rele 
the unstable P ~ C intermediate is relatively more exposed to the hydro- W 
lytic action of H,O in the digitonin complex because the latter is presum- | ash 
ably less highly organized, structurally speaking, than intact mitochondria, | The 
In mitochondria, the hypothetical P ~ C compound may be generated in | in tl 
such a manner that it is not exposed to deleterious water molecules; it is | valu 
conceivable that mitochondrial structure, particularly that of the mem- T 
brane, may be biologically adapted to ‘‘hide” a very unstable water- | ity | 
sensitive intermediate such as P ~ C from the action of H2O molecules. | cern 
When this specific structure is disorganized by isolation procedures, the __ high 
hydrolytic reaction then competes successfully with the enzymatic trans- | sible 
phosphorylation which normally occurs in coupled phosphorylation and no | tecti 
coupling can be observed. If this explanation is correct, it appears possi- | poin 
ble that in the digitonin complex at least some of the structural organization 
relevant to the stability of P ~ C is retained, whereas, in respiratory TI 
particles obtained by other means from mitochondria, this portion of struc- | techi 
ture has been lost, accounting for their inability to couple phosphorylation | Belt: 
to respiration (20). In this connection, it appears significant that all sub- | of th 
fragments of mitochondria having respiratory activity for which data are 
available also have very high Mg-ATPase activity (20). Furthermore, 
the sensitivity of ATPase, oxidative phosphorylation, and the ATP-P;* | !.- 
exchange reaction to high concentrations of sucrose and KCl may be rele- 
vant to such an explanation, since isotonic and hypertonic concentrations 
of these substances are known to have pronounced effect on mitochondrial 
structure and reactions. 


SUMMARY 


PPM 


An enzyme complex obtained from digitonin extracts of rat liver mito- 
chondria which is capable of coupling phosphorylation of ADP to electron 
transport shows significant ATPase activity which is greatly accelerated | 10. 
by 2,4-dinitrophenol. Other nucleoside 5/-triphosphates are not hy- | 11. 
drolyzed, either in the absence or presence of dinitrophenol. The ATPase 3 
activity is also stimulated by reagents such as Dicumarol, pentachloro [| |, 
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phenol, and gramicidin, which are known to uncouple phosphorylation 
from oxidation, but not by Catt or thyroid-active compounds, which are 
known not to uncouple phosphorylation from oxidation in these prepara- 
tions. The ATPase activity is inhibited by ADP, but not by the 5’-di- 
phosphates of other nucleosides. Sucrose in isotonic concentrations is 
highly inhibitory to the ATPase and especially to its stimulation by dinitro- 
phenol; isosmolar KCl shows a somewhat different pattern of inhibition. 
The digitonin preparations also contain an ATPase activity which requires 
addition of Mgt*; evidence is presented that this activity is probably not 
relevant to the mechanism of oxidative phosphorylation. 

With the use of P-labeled ATP, it was found that ATPase activity is 
as high during oxidative phosphorylation as in the absence of oxidation. 
The magnitude of this activity is sufficient to account for part of the deficit 
in the P:2e ratios observed with the digitonin enzyme complex from the 
values currently accepted as maximal. 

The findings are discussed from the point of view that the ATPase activ- 
ity represents a hydrolytic dysfunction of an enzyme or enzymes con- 
cerned in the reversible transfer of phosphate to ADP from a hypothetical 
high energy phosphate ester formed during electron transport. The pos- 
sible importance of structural organization of the enzyme system in pro- 
tecting the hypothetical phosphorylated intermediate from hydrolysis is 
pointed out. 


The authors are indebted to Nancy Buseman and Arlyne Weinberg for 
technical assistance and to Dr. Alston Specht, Plant Industry Station, 
Beltsville, Maryland, for carrying out the spectrographic determinations 
of the metal content of the enzyme preparation. 
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OXIDATIVE PHOSPHORYLATION BY AN ENZYME COMPLEX 
FROM EXTRACTS OF MITOCHONDRIA 


V. THE ADENOSINE TRIPHOSPHATE-PHOSPHATE 
EXCHANGE REACTION* 


By CECIL COOPER anp ALBERT L. LEHNINGER 


(From the Department of Physiological Chemistry, The Johns Hopkins University 
School of Medicine, Baltimore, Maryland) 


(Received for publication, July 23, 1956) 


In earlier papers in this series, some properties of a multienzyme com- 
plex from digitonin extracts of rat liver mitochondria, which catalyzes 
electron transport and oxidative phosphorylation, have been described 
(1-4). In the preceding communication (5), the ATPase! activity of such 
preparations was outlined. This paper describes another activity of the 
enzyme complex which is related to oxidative phosphorylation, namely the 
exchange reaction between orthophosphate and the terminal phosphate of 
ATP which occurs in the absence of oxidation. This reaction is designated 
as the ATP-P;** exchange. A preliminary report of some of these findings 
has been presented (6). 

Boyer and his colleagues (7) reported that intact mitochondria catalyze 
a very rapid exchange reaction between orthophosphate labeled with P* 
and the terminal phosphate of ATP in the apparent absence of electron 
transport and with no essential change in the concentration of ATP or 
phosphate. Since the reaction is inhibited by DNP at concentrations 
which uncouple oxidative phosphorylation, it was concluded that the 
ATP-P; exchange reaction is a reflection of the activity of a terminal 
transphosphorylation reaction involved in oxidative phosphorylation. 
This exchange reaction, which has also been studied by Swanson (8) and 
by Cohn and Drysdale (9), is accompanied by a loss of O"8 from O'8-labeled 
orthophosphate (7, 9, 10). 

The data to be reported show that the ATP-P;® exchange reaction also 
occurs in the isolated enzyme complex. Although its properties are some- 
what different from those seen with intact mitochondria with respect to 
kinetic aspects, it appears that the exchange reaction is closely associated 
with the enzymatic coupling of phosphorylation to oxidation. It is shown 
that the presence of ADP rather specifically affects the rate of the ATP-P;” 


*This investigation was supported by grants from the United States Public 


Health Service, the Nutrition Foundation, Inc., and the National Science Founda- 
tion. 


'For abbreviations, see Paper IV. 
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exchange and that labeled ADP is incorporated into ATP. These findings 
demonstrate the participation of ATP, ADP, and inorganic phosphate jy 
a labile, reversible equilibrium associated with the coupling mechanism, 


EXPERIMENTAL 


The preparation of the enzyme complex, the analytical methods, and the 
reagents employed were those described in Papers I to IV in this series 
(2-5). 

ADP labeled in the terminal phosphate group (ADP*) was prepared as 
follows. Adenylic acid was first phosphorylated to ATP in a medium con- 
taining inorganic phosphate labeled with P® coupled to the oxidation of 
B-hydroxybutyrate by a suspension of rat liver mitochondria. The me- 
dium contained 0.005 m P; labeled with P®”, 0.01 m 6-hydroxybutyrate, 
0.01 m MgCl. 0.01 m adenylate, 1 K 10-5 m ATP, 0.005 m NaF, and the 
mitochondria derived from 0.5 gm. of fresh rat liver per 3.0 ml. of medium. 
Oxidation was allowed to occur for 30 minutes at 22°, and the reaction 
mixture was then heated to stop the reaction. After centrifugation, the 
medium was then allowed to react with an excess of glucose and yeast 


hexokinase for 20 minutes, to remove the third phosphate of the labeled — 
ATP as glucose-6-phosphate. The medium was heated to stop the reac- 
tion, clarified by centrifugation, and placed on a column of Dowex 1. The 
nucleotides were eluted with hydrochloric acid, which allowed ged | 


of the ADP® free of ATP, adenylic acid, and Pj. 
Other experimental details are described in the text and in the seasiite | 
of Figs. 1 to 10 and Tables I to V. 


Results 


Occurrence and Specificity of Exchange—As shown in Fig. 1, the incuba- 
tion of P®-labeled phosphate with ATP and the enzyme complex, in the 


absence of oxidizable substrate, results in incorporation of the P® into ATP - 


at an approximately linear rate over a period of an hour. In the presence 
of 5 X 10-5 m DNP, no incorporation of P® occurred. The reaction was 
observed to occur anaerobically or in the presence of cyanide at the same 
rate as that in air; in most experiments, the reactions were run in air, since 
the enzyme preparations have no endogenous oxygen uptake (2). The 
exchange reaction proceeds concurrently with the net hydrolysis of ATP 
which takes place in these preparations (5). The rate of this hydrolysis 
is also shown in Fig. 1; at 1 hour almost one-third of the ATP has under- 
gone hydrolysis. 

The exchange reaction occurs only when ATP is present; there is no in- 
corporation of P;* into other nucleoside 5’-triphosphates under the same 
conditions (Table I). Earlier experiments have shown that only ADP 
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srves as phosphate acceptor during oxidation-coupled phosphorylation 
in these preparations (2—4) and only ATP undergoes significant hydrolysis 
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Oo 
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p»MOLES P SPLIT 


0.270! EXCHANGE 


MINUTES 
Fic. 1. Rate of exchange reaction and ATPase. The test system contained 0.006 
au ATP, initial concentration of 2.1 X 10-‘ m phosphate labeled with P*, and the 


enzyme complex (48 y of total N) in a total volume of 0.50 ml.; incubated at pH 7.9 


and 23°. The exchange data were corrected for the change in specific activity of 
_ the labeled inorganic phosphate pool which occurred with time during the net hy- 
 drolysis of ATP. 


TABLE I 
Specificity of Exchange Reaction 
The test system contained 0.005 m nucleoside 5’-triphosphates or diphosphates 
as shown, about 0.0001 m phosphate labeled with P*?, enzyme complex (49 y of total 
N), and H.O to 0.5 ml. The pH was 7.0, and the reactions were run for 20 minutes 
at 23°. 


Experiment No. Substrate P; incorporated 
mymoles 
1 ATP 109 
ITP 0 
GTP 0 
CTP 0 
2 ATP 124 
ADP 0 
IDP 0 
GDP 0 
CDP 0 
UDP 0 


in the absence or presence of DNP (5). The specificity of ATP in the ex- 
change reaction therefore indicates strongly that it is a reflection of the 
activity of the coupling mechanisms. 
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No incorporation of P;* is observed when ADP or other nucleoside 
5’-diphosphates replace ATP in the medium (Table I); in the absence of 
added Mg*t*, myokinase activity is generally not detectable in the prepara. 
tions. 


& EXCHANGE 
© 404 

20 

a” 400 ox A 
: 
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60 65 70 75 80 
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Fic. 2. Effect of pH on exchange reaction and ATPase. The test system con- 
tained 0.006 m ATP, initial concentration of 5.1 X 10-5 m P; labeled with P*, 0.01 
M Tris, and digitonin enzyme (38 y of total N) in a total volume of 0.5 ml.; incubated 
20 minutes at 23°. Data on incorporation of P*? into ATP are corrected for dilution 
caused by hydrolysis of ATP. 


EXC 
Oo oO 
uMOLES EXCHANGED 


Ww Ol): 
uJ 
CONC. P, CONC. ATP Mx10% 
Fie. 3 Fia. 4 


Fic. 3. Effect of phosphate concentration on exchange. The test system con- 
tained 0.006 m ATP, phosphate in concentration shown (specific activity held con- 
stant), enzyme (49 y of total N), and H.20 to 0.50 ml.; incubated 20 minutes at 23°; 
pH was 7.0. 

Fic. 4. Effect of ATP concentration on exchange reaction. The system con- 
tained 6 X 10-5 m phosphate, labeled with P*?, ATP in the concentrations shown, and 
enzyme (62 y of total N) in a total volume of 0.5 ml.; incubated at pH 7.0 at 23° for 
20 minutes. The specific activity of P*? was corrected for dilution by P; formed 
during hydrolysis of ATP. 


Optimal Conditions—The P*® exchange reaction occurs at significant and 
easily observable rates over a wide range of pH and concentrations of phos- 
phate and ATP. However, as is shown below, the optimal conditions 
vary, depending on the presence of ADP and the relative ratios of ATP, 
ADP, and P;. Fig. 2 demonstrates the effect of varying pH; it is seen that 
activity is shown over the whole range tested, with a peak at pH 6.5. For 
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reference, a pH-activity curve of ATPase is also given; it also shows activ- 
ity over a wide range, but lacks a pronounced peak. It will be recalled 
that oxidative phosphorylation in these preparations similarly occurs over 
a wide range of pH (2,4). Figs. 3 and 4 demonstrate the effect of varying 
the concentration of phosphate and ATP. The K,, value for phosphate 
in the exchange reaction is approximately 0.0015 mole per liter and that 
for ATP approximately 0.0017 mole per liter. The K,, value for ortho- 
phosphate in phosphate uptake coupled to phosphorylation is somewhat 
lower, approximately 0.0001 m (2, 4). However, as will be seen, the rate 
of the exchange also varies with the concentration of ADP in the medium. 

Although the optimal concentration of P; in the exchange is about 0.05 
mu under these conditions, many of the experiments were carried out with 


0.0004 MP, 


muMOLES P, EXCHANGED 


CONC. ADP M x 10° 


Fic. 5. Effect of ADP and P; concentration on exchange with 0.006 m ATP. The 
test system contained 0.006 m ATP, ADP in concentrations shown, either 0.01 m 
P; or approximately 0.0002 m P;, enzyme (45 y of total N), and H2O to make a total 
volume of 0.50 ml.; incubated 20 minutes at pH 7.0 and 23°. Appropriate correc- 
tions were made for changes in specific activity of Pj. 


much lower concentrations of P;, so that ATPase activity could be meas- 
ured simultaneously with accuracy. At low phosphate concentrations, it 
is obvious that the specific activity of the P;*® changes during the course 
of the reaction because of dilution of the isotope by unlabeled P; liberated 
from the ATP. It was therefore necessary to correct the P® incorporation 
data for such changes in specific activity; in general, the specific activity 
was based on the P; concentration existing at the end of the incubation 
period or time interval tested. At high concentrations of phosphate, such 
isotope dilution was insignificant and no corrections were required. 

Effect of ADP on Exchange Reaction—The rate of the ATP-P;*” exchange 
reaction is also influenced strikingly by the presence of ADP. The effect 
of ADP is not a simple one and appears in turn to depend strongly on the 
concentration of both ATP and P;. Data collected in Fig. 5 show that 
increasing concentrations of ADP inhibit the rate of the ATP-P;® ex- 
change reaction when the ATP concentration is held constant at 0.006 M, 
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earlier found optimal for the exchange, an effect which is seen at both low 
and high concentrations of Pj. 

However, the effect of ADP is grossly different at lower ATP concentra. 
tions and at extremes of phosphate concentration, as is shown by Fig. 6, 
When phosphate concentration is very low, the presence of ADP is in. 
hibitory to the exchange reaction at all concentrations of ATP tested and 
the inhibition is greater, the higher the ADP: ATP ratio. However, when 
phosphate concentration is held at a high level (0.01 mM), ADP is inhibitory 
at 0.006 m ATP, becomes less inhibitory at lower ATP concentrations, 


M | 
30} 
NO 
Ho “7 2 
uJ 
| ADP 
> 5 iO 5 
CONC. ATP M x 10 CONC. ATP M x 104 
Fia. 6 Fic. 7 


Fic. 6. Effect of variation of concentrations of ATP, ADP, and Pj; on exchange 
reaction. The experimental details were exactly as those in Fig. 5. 

Fic. 7. Effect of concentration of ADP and P; on exchange at low ATP concen- 
tration. The experimental details were exactly as those in Fig. 5. Curves A and 
A’, concentration of ADP held at 0.0012 m, Curves B and B’, 0.0024 m, and Curves 
C and C’, 0.0036 m ADP. 


and, quite unexpectedly, accelerates the exchange reaction at the lowest 
concentrations of ATP. In fact, no exchange between 0.01 m phosphate 
and 0.001 m ATP occurs unless ADP is also added. A closer study of the 
effect of ADP and P; concentration on the rate of exchange at low ATP 
concentrations is summarized in Fig. 7. These effects are quite reproduci- 
ble. It should be pointed out again that no oxygen uptake occurs in these 
experiments and that no incorporation of P® occurs when ATP is omitted. 

The effects of ADP on the exchange reaction are specific; data collected 
in Table II show that other nucleoside 5’-diphosphates, adenosine tetra- 
phosphate, adenylic acid, and inorganic pyrophosphate do not inhibit the 
exchange. It therefore appears very likely that the rather complex effects 
on the ATP-P;* exchange brought about by ADP are reflections of the 
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specific participation of ADP in the exchange reaction rather than a non- 
specific inhibition. 

Inhibition of Exchange Reaction—The ATP-P;® exchange reaction is in- 
hibited by many reagents already found to uncouple oxidative phospho- 
rylation (2-4) and to stimulate ATPase in the digitonin complex (5). Data 
collected in Table III demonstrate more or less complete inhibition of the 
exchange by concentrations of DNP, pentachlorophenol, gramicidin, Di- 
cumarol, iodosobenzoate, and p-chloromercuribenzoate, known to un- 
couple phosphorylation completely. On the other hand, Cat+, NaF, anti- 
mycin A, L-thyroxine, and L-triiodothyronine in the concentrations tested 


TABLE II 
Effect of Nucleoside 5'-Diphosphates and Other Compounds 
on Exchange Reaction 
The test system contained 0.006 m ATP, 0.01 m phosphate, other compounds as 
shown at 0.0024 M concentration, enzyme (36 y of N), and H,O to make a total vol- 
ume of 0.50 ml.; incubated 20 minutes at 23° at pH 7.0. 


Addition Pj incorporated 

myumoles 

Inorganic 96.7 
Adenosine tetraphosphate......................... 85.2 


do not inhibit the exchange reaction; at these concentrations, these sub- 
stances do not uncouple phosphorylation (2-4) or stimulate ATPase in the 
digitonin preparation (5). 

In earlier work, it has been found that addition of Mgt* uncouples phos- 
phorylation in the digitonin enzyme complex (2). It appears very likely 
that this uncoupling is due entirely to the activation of an ATPase ac- 
tivity in the preparation by Mgtt+. Such Mgt+-stimulated ATPase 
activity appears to be separate and distinct from the ATPase activity as- 
sociated with the terminal transphosphorylation reaction of oxidative 
phosphorylation (5) and resembles the Mgt+-stimulated mitochondrial 
ATPase described by Kielley and Kielley (11). When Mg*+ is added to 
a test system in which the ATP-P;® exchange is taking place, the ATP 
undergoes hydrolysis at a greatly accelerated rate with the net formation 
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of orthophosphate, but incorporation of P® into the remaining ATP con- 
tinues at a high rate. Some data are summarized in Table IV. It is seen 
that stimulation of ATPase activity by Mg** occurs at very low concen- 
trations (5 X 10-5 Mm) and becomes maximal at about 0.003 M, a point at 
which 7-fold stimulation is observed. However, the rate of the ATP-P# 
exchange is not significantly depressed except at the highest Mg** con- 


TaBLeE III 
Inhibition of Exchange Reaction 
The test system contained 0.006 m ATP, phosphate labeled with P*, inhibitors 
in concentrations shown below, and enzyme (67 y of N) in a total volume of 0.50 
ml.; incubated 20 minutes at 23° at pH 7.0. The concentration of P; was 0.001 » 
in Experiments 1 and 2 and 0.01 m in Experiment 3. 


Experiment No. Addition Concentration Pj incorporated 
mumoles 
1 None 53 
DNP 5 xX 10-* 12 
1 x 10-5 5.0 
5 X 10-5 0.0 
2 None 87 
Dicumarol 1.1 X 10-5 0.0 
Pentachlorophenol 1X 10-5 0.0 
Gramicidin 0.6 X 10-5 6.0 
2 xX 10-5 0.0 
Antimycin A 1.0 y per ml. 76 
CaCl, 0.001 104 
NaF 0.012 95 
L-Thyroxine 1.2 x 10-5 71 
L-Triiodothyronine 1.2 X 1075 93 
3 None 276 
Iodosobenzoate 8 10-* 119 
43 6 X 10-3 0.0 
p-Chloromercuribenzoate 2 xX 10-* 187 
6 xX 10-* 11 


centration; it may be noted that, at 0.003 m Mgt, approximately two- 
thirds of the ATP originally added had undergone hydrolysis and that the 
exchange was depressed to about one-third of the control rate. This find- 
ing is consistent with the effect of ATP concentration on the exchange; 
Fig. 4 shows that, when the ATP concentration drops below 0.003 M, the 
rate of the exchange reaction falls precipitously. 

It may be concluded that Mg** is not per se inhibitory to the exchange 
reaction, nor, by extension, to coupled phosphorylation, but rather it 
stimulates an ATPase present in the preparation, which lowers the con- 
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centration of ATP and thus limits the rate of P; exchange. In confirma- 
tion of Boyer et al. (7) it was found that the Mg-stimulated ATPase of 
mitochondria described by Kielley and Kielley (11), which is presumed to 
be present in the digitonin preparation, does not itself catalyze the ATP- 
P;* exchange. 

Effect of Sucrose—In Paper IV (5) it was shown that addition of sucrose 
in isotonic or hypertonic concentrations greatly inhibited the DN P-stimu- 
lated ATPase activity in the absence of added Mg** but did not inhibit 
significantly the Mg-stimulated ATPase activity. This effect of sucrose 
served to differentiate the Mg-stimulated ATPase from the ATPase ac- 
tivity which is a reflection of the action of the terminal phosphotransferase 


TaBLe IV 
Effect of Mg** on ATPase and Exchange Reaction 
The test system contained 0.006 m ATP, 4.6 X 10-5 m phosphate labeled with 
Pp, enzyme (67 y of total N), and MgCl, as indicated below in a total volume of 
0.50 ml.; incubated at pH 7.0 for 20 minutes at 23°. Corrections were made to allow 
for changes in specific activity of Pj. 


ATP Exch 
Pj formed incorporated 
M 

31 


in the coupling process. This selective inhibitory action of sucrose on the 
latter system is also seen to occur on the ATP-P;® exchange reaction, as 
is shown by the data summarized in Fig. 8. Increasing the sucrose con- 
centration in the test medium to 0.3 m (approximately isotonic) completely 
abolished the exchange reaction, while the Mg-stimulated ATPase activity 
remained relatively unimpaired. A similar effect of hypertonic sucrose on 
the ATP-P;* exchange in intact mitochondria has been observed by 
Swanson (12). 

Comparison of Rate of Exchange with Rate of Oxidation-Coupled Phos- 
phorylation—It became of interest to compare the maximal rates of the 
exchange reaction under optimal conditions with the maximal rates of P; 
uptake which can be observed during oxidation by the digitonin prepara- 
tion. The results of such a comparison are shown in Fig. 9. It is seen 
that the maximal rate of the ATP-P;** exchange is only a very small frac- 
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tion of the maximal rate of the net uptake of P; occurring during net phos- 
phorylation of ADP coupled to oxidation of ferrocytochrome c. 

This finding is in sharp contrast to observations on the rate of the ex- 
change reaction in intact mitochondria, relative to rates of P uptake dur- 
ing coupled oxidation. It is seen, for instance, in Fig. 9, that the rate of 
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Fic. 8. Effect of sucrose on ATP-P;* exchange and Mgtt-ATPase. The test 
system contained 0.006 m ATP, 0.00016 m phosphate labeled with P**, enzyme com- 
plex (55 y of N), and sucrose as shown in a volume of 1.0 ml.; incubated at pH 7.0 
for 20 minutes at 30°. In vessels used for ATPase measurements, 0.003 m MgCl, 
was added. 

Fic. 9. Comparison of rate of ATP-P;** exchange with rate of P; uptake during 
oxidation-coupled phosphorylation of ADP. For the digitonin enzyme complex, 
the test system for the ATP-P;** exchange contained 0.006 m ATP, 0.01 m Pj, and 
enzyme (195 vy of total N) at pH 7.0 in a total volume of 3.0 ml. For the oxidative 
phosphorylation test, the system contained 0.01 M ascorbate, 4 X 10-5 m cyto- 
chrome c, 0.0024 m ADP, 0.01 m P; (pH 7.0), and 195 y of enzyme in 3.0 ml. volume; 
incubated at 21°. For the intact mitochondria, the test system for the exchange 
contained 0.006 m ATP, 0.01 m Pj, 0.005 m MgCl., and mitochondria derived from 
0.5 gm. rat liver in 3.0 ml. volume. For the oxidative phosphorylation test, the 
system contained 0.01 m 6-hydroxybutyrate, 0.0024 m ADP, 0.01 m Pi, pH 7.0, 0.005 
M MgCl, hexokinase in excess, 0.05 m glucose, and mitochondria derived from 0.5 
gm. of rat liver in total volume of 3.0 ml.; incubated at 21°. 


the exchange reaction in intact mitochondria is twice as great as is the rate 
of P; uptake during oxidation of 6-hydroxybutyrate. Actually, under 
somewhat different conditions, the exchange reaction in intact mitochon- 
dria may occur at rates as high as 20-fold greater than the maximal ob- 
servable rates of net P; uptake during oxidation. It appears possible to 
ascribe the differences in activity of the exchange reaction in the digitonin 
enzyme complex and in intact mitochondria to (a) the possible occurrence 
of DNP-sensitive exchange reactions in intact mitochondria which are ex- 
traneous to oxidative phosphorylation and which do not occur in the iso 
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lated enzyme complex, (b) the possible requirement of the exchange in the 
isolated enzyme complex for other factors not yet identified and which are 
present in suboptimal amounts, and (c) the loss of a large part of the phos- 
photransferase activity of intact mitochondria during the isolation of the 
digitonin complex; it appears possible that this enzyme may be present in 
vast excess in intact mitochondria. 


Mg* * - ATP-ASE 


S 


~ 


PER CENT ACTIVITY 


B ONP-ATP-ASE 

32 
© OXIDATIVE PHOSPHORYLATION 

| 

20 40 60 


MINUTES AGING AT 30 


Fic. 10. Effect of aging of enzyme complex on ATPase, exchange, and coupled 
phosphorylation. The ATPase activity was assayed in a test system containing 
0.006 m ATP, pH 7.0, with either 0.0004 a DNP or 0.003 m MgCl. added as shown, 
50 y of enzyme N in a total volume of 0.50 ml. Incubation was carried out for 20 
minutes at 23°. The ATP-P;** exchange was measured in an identical system con- 
taining 4 X 10-5 m phosphate labeled with P*. The oxidative phosphorylation was 
measured in a system containing 0.01 m ascorbic acid, 4 X 10-5 m cytochrome c, 
0.0024 m ADP, 0.01 m phosphate, pH 6.5, labeled with P;**, digitonin enzyme com- 
plex (224 7 of N), and water to make 3.0 ml. Incubation was carried out aerobically 
for 20 minutes at 23°. The digitonin enzyme was suspended in H.2O and aged at 32°; 
aliquots were withdrawn and assayed in the above systems at the times shown. 


Whatever the reason for such differences, the digitonin complex appears 
to contain ample amounts of this enzyme to yield high P:O ratios in 
coupled oxidation. 

Effect of Aging of Enzyme Complex—Aging of the enzyme complex causes 
loss of ability to catalyze oxidation-coupled phosphorylation of ADP (2) 
and also DNP-stimulated ATPase activity (5). It became of interest to 
examine the rate of loss in activity of the ATP-P;* exchange during aging 
of the enzyme to determine whether the exchange reaction is dependent for 
activity on the same factors as the ATPase and the oxidation-coupled 
phosphorylation. The results of such an experiment are shown in Fig. 10. 

It is seen that DNP-stimulated ATPase activity, phosphate uptake 
coupled to oxidation of ferrocytochrome c, and the ATP-P;® exchange re- 
action are lost at approximately the same rate during aging of the enzyme 
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complex at 32°. These findings thus indicate the occurrence of a common 
denominator among the three activities studied. In contrast, the Mg. 
stimulated ATPase activity remains relatively unchanged; this finding 
again indicates that this activity is probably extraneous to the enzymatic 
mechanisms involved in coupling phosphorylation to oxidation. 
Incorporation of ADP® into ATP—Because of the striking effects of 
ADP on the rate of incorporation of P; into ATP and the fact that ADP 
is the phosphate acceptor in coupled phosphorylation, it became of interest 
to determine whether labeled ADP, incubated with ATP and unlabeled 
P; and the digitonin enzyme complex, would exchange with the ADP 
moiety of the ATP. Such experiments were carried out with ADP labeled 
in the terminal phosphate group with P*®. The incorporation of ADP® 
into ATP was measured by subjecting the reaction medium, after incuba- 
tion, to ion exchange chromatography on Dowex 1 columns, which per- 


TABLE V 
Incorporation of ADP® into ATP 


The test system contained 0.006 m ATP, 0.005 m Pj, 0.0013 m labeled ADP, and 
digitonin enzyme (182 y of N) at pH 7.0 in a total volume of 3.0 ml.; incubated 30 
minutes at 22°. The ADP was labeled with 4.6 K 105 c.p.m. of P*. 


Vessel No. Labeled component Additions Labeled ATP formed 
mumoles 
1 ADP 59 
2 5 X DNP 14 


mitted clear cut separation of ATP and ADP, and counting the radioac- 
tivity found in eluates containing the two nucleotides. The results of such 
an experiment are summarized in Table V. 

It is seen that labeled ADP is incorporated into ATP at a rate com- 
parable to the rate of incorporation of P*® in similar experiments. Since 
the preparations are unable to hydrolyze the terminal phosphate group of 
ADP, it is very likely that the labeled ADP was incorporated into ATP in 
intact form. Further work is obviously required to establish whether the 
ATP so formed is labeled exclusively in the second phosphate group and to 
determine to what extent incorporation of ADP into ATP is dependent 
upon the concentration of Pj. 

It may be concluded from the preceding experiments, which demon- 
strated the striking effects of ADP on incorporation of P; into ATP, and 
from this experiment, which shows incorporation of ADP® into ATP, that 
ADP is an active participant in an equilibrium involving P;, ADP, and 
ATP, which is presumably brought about by the activity of a reversible 
phosphate-transferring enzyme system for which ADP is acceptor. 
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DISCUSSION 


From the experimental data presented in this and the preceding com- 
munication (5), it appears reasonably certain that the DNP-stimulated 
ATPase activity and the ATP-P;® exchange reaction are functionally re- 
lated to the enzymatic mechanism responsible for coupling phosphoryla- 
tion to oxidation. The most compelling points of evidence are the abso- 
lute specificity for nucleotides of adenine in the three reaction systems, the 
correspondence of the pH ranges in which the systems are active, the sensi- 
tivity of all three reactions to the same inhibitors such as DNP, and the 
fact that the three systems lose activity at almost identical rates on aging 
of the enzyme complex, suggesting the existence of a labile factor common 
to all three reactions. The evidence for the functional association of 
these reactions must still be regarded to some extent as circumstantial, 
however, since DNP stimulation of ATPase and the occurrence of ex- 
change reactions, such as those described in this paper, are not uniquely 
associated with oxidative phosphorylation mechanisms. For instance, it 
has been found in this laboratory that, although DNP may stimulate 
ATPase activity found in certain types of preparations separated from rat 
liver mitochondria, these are completely unable to catalyze the ATP-P;” 
exchange or to couple phosphorylation to oxidation.2. This finding and 
the known ability of DNP to stimulate the ATPase activity of L-myosin, 
described by Greville and Needham (13) and Chappell and Perry (14), 
suggest that DNP may have a generalized effect on phosphatases and 
phosphate-transferring enzymes. In addition, exchanges of P;*® with 
ATP or ADP® with ATP are known to occur in reactions other than in 
phosphorylation coupled to electron transport; for instance, with the so 
called P enzyme responsible for the phosphorylating deacylation of suc- 
cinyl CoA (15). Nevertheless, the evidence for the functional association 
of the three enzymatic activities is considered compelling. 

The striking effects of ADP on the ATP-P;*” exchange, either inhibitory 
or stimulatory according to conditions, and the exchange of labeled ADP 
with ATP indicate the participation of ATP, ADP, and P; in an equilib- 
rium which is obviously more complex than the over-all statement of the 
exchange indicated by Boyer et al. (7): 

(1) P; + ADP = ATP + H,O 

At present there appears to be insufficient information available concern- 
ing these exchange reactions to rationalize fully all the observations de- 
scribed in this paper, particularly all the effects of ADP on the exchange. 


It would obviously be desirable to have more detailed information on the 
kinetics of exchange of ADP® with ATP under a variety of conditions, but 


* Unpublished observations, Dr. J. L. Gamble, Jr., and Dr. R. A. Peabody. 
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the lengthy chromatographic analysis necessary to follow this exchange 
severely limits experimentation. However, an attempt is made to ration- 
alize some of the properties of the exchange reactions in terms of a genera] 
mechanism of oxidative phosphorylation which has been postulated by one 
of us (16) by analogy with known enzymatic reaction patterns. This 
hypothesis represents a more detailed attempt to account for the known 
facts of both oxidative phosphorylation and the exchange reactions than 
is provided by the scheme of Slater (17), although it embodies similar 
fundamental principles. A more extended explanation of the hypothesis 
has been given (16). Provision for the action of DNP is made by the 
scheme outlined by Hunter (18) and Lardy and Wellman (19), among 
others. 

In this hypothetical reaction scheme, the reduced carrier, designated as 
AHb, reacts with the next carrier in the respiratory chain, namely B, not 
directly but only following interaction with a third substance (enzyme), 
which may be designated as C. During this oxidation-reduction, the 
“low energy” linkage of AH:—C is converted to the “high-energy” linkage 
of A ~ C as the primary device for conserving the free energy of oxidation. 


(2) AH, + C @ AH; — C 
(3) AH. C+B2A~C+4+ BH; 


Coupled phosphorylation then is postulated to occur by reversible phos- 
phorolysis of A ~ C and reversible transfer of phosphate from P ~ C 
to ADP. 


(4) A~C4+P,2A+P~C 
(5) P~C+ ADP ATP +C 


Through the reversibility of Reactions 4 and 5 it is readily seen that either 
P,; or ADP may become incorporated into ATP, provided the other reac- 
tion partners, including A ~ C or P ~ C, respectively, are present. 
ATPase activity could result from the reversal of Reaction 5 followed by 
spontaneous or enzymatic hydrolysis of P ~ C or A ~ C. Since the 
ATPase of the digitonin enzyme complex is not inhibited by phosphate 
at ordinary concentrations, but is by ADP, it appears likely that P ~ C 
is the intermediate undergoing spontaneous breakdown rather than A ~ C. 
ATPase activity could then be represented by Reactions 6 and 7. 


(6) ATP + C@2ADP+P~C 
(7) P~C+ 


Stimulation of ATPase by DNP could result from chemical displacement 
of P from its combination with C with formation of the compound 
DNP ~ C, which presumably is much less stable to water than P ~ C, 
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causing an increased rate of hydrolysis of ATP, as follows: 
(8) DNP + P~C—DNP~C 
(9) DNP ~C + H.O DNP + C 


This scheme can also be utilized to explain at least some of the effects 
of ADP on the rate of incorporation of P; into ATP. However, some 
properties and limitations of the scheme and the experimental data must 
be pointed out. First, it is necessary to deal with both the kinetic and 
equilibrium aspects of two reversible reactions (Reactions 4 and 5), each 
having four participating reactants. In these reactions, ATP, ADP, and 
P; generally occur in very large concentrations compared to the molar con- 
centrations of A, C, A ~ C, and P ~ C and thus are major factors in 
controlling the equilibria in the two reactions. It must also be pointed 
out that an essentially irreversible ‘‘side-reaction,” the hydrolysis of 
P ~ C, leading to net hydrolysis of ATP, provides a continuous and large 
drain on the components of the reversible Reactions 4 and 5. Actually, 
the rate of incorporation of P;® into ATP is, under almost all circum- 
stances, only a small fraction of the rate of ATPase activity, as is evident 
from data presented in this paper and Paper IV (5). Another point is 
that the exchange data presented in this paper must be regarded as initial 
reaction rates, since the amounts of P;* incorporated in the experiments 
reported represent only a few per cent of the expected values for complete 
equilibration. These preliminary considerations indicate the complexity 
of dealing with the data at hand. 

The first conclusion which may be drawn from consideration of the 
postulated reaction scheme is that, in order for P;** to be incorporated into 
ATP, the reaction medium must also contain a minimum of two other 
components of Reactions 4 and 5, namely both ADP and A ~ C. In the 
experiments on the digitonin enzyme complex described in this paper, at 
least some ADP was always present, since a net hydrolysis of ATP to 
ADP plus P; occurred concurrent with the exchange. In the experiments 
with intact mitochondria described by Boyer et al. (7) there was “little 
net change”’ in the concentrations of ATP and phosphate and no ADP was 
added. However, the ADP necessary, if not formed from added ATP by 
a slight degree of hydrolysis, could readily have been provided by the in- 
tramitochondrial nucleotide pool. Obviously the scheme also provides a 
mechanism for ADP to be incorporated into ATP. Only Reaction 5 is 
required for this exchange, providing P ~ C is available. 

Although a requirement for some ADP in the reaction medium to ob- 
serve incorporation of P;* into ATP (cf. Fig. 7) is readily understood from 
consideration of the scheme proposed, inhibition of the ATP-P;® exchange 
by added ADP such as was observed under other conditions is not readily 
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explicable without another assumption. If it is assumed that the digitonin 
enzyme complex as isolated contains component C almost entirely in the 
free form, as indicated in the right-hand part of Reaction 5, and virtually 
none in the bound forms A ~ C or P ~ C, then no exchange of P;® with 
ATP can take place until some back reaction of ATP with C can take 
place in Reaction 5, and furthermore until some of the P ~ C so formed 
can react with the oxidized carrier B to generate some A ~ C by reversal 
of Reaction 4. Normally such back reaction must occur, since there is 
always a net hydrolysis of ATP, presumably via formation of P ~ C 
through reversal of Reaction 5. Some of the P ~ C formed hydrolyzes 
to P; + C (z.e. ATPase activity) and the rest may form A ~ C by reaction 
with the oxidized carrier A. Addition of ADP inhibits ATPase in these 
preparations (5), and this inhibition is presumably accounted for through 
mass action effects on Reaction 5, thus limiting the rate at which P ~ C 
is formed. In the presence of a high concentration of ADP, the reversal 
of Reaction 5 may be inhibited to the point where the P ~ C formed 
limits the amount of A ~ C formed in the system, causing a net inhibition 
of the incorporation of P; into ATP, which must obviously depend on the 
concentration of A ~ C, among other factors. The assumption that C is 
largely present in the digitonin enzyme complex in unbound form may also 
be used to explain the finding that no exchange of P;*® into ATP occurs at 
low concentrations of ATP and high concentrations of P; (Fig. 7). Under 
these circumstances, the relatively low concentrations of P ~ C expected 
to exist at low starting concentrations of ATP would be further depressed 
by the very high concentration of P; which opposes formation of A ~ C, 
again by mass action effects in Reaction 4. 

Most of the effects of ADP on the rate of the ATP-P;® exchange reac- 
tion can thus be accounted for on the basis of the general reaction scheme 
for oxidative phosphorylation which is proposed. It is not claimed that 
this scheme represents the only possible basis for explanation of the effects 
described or that all of the experimental findings can be rationalized, but 
it does appear to serve as a somewhat more complete working hypothesis 
than others which have been proposed for the mechanism of coupling of 
phosphorylation to oxidation. It should be pointed out that the hypothe- 
sis, as outlined in Reactions 2 to 9, is schematic only and is not intended to 
supply precise details of reaction mechanism. 

Inspection of the postulated reaction scheme suggests that the rate of 
the exchange reaction might also depend on the oxidation-reduction state 
of the carrier A, since the oxidized form of carrier A is a component of 
Reaction 4. Regardless of the precise form of a postulated reaction 
mechanism for coupling phosphorylation to oxidation (including the some- 
what different scheme proposed by Chance et al. (20)), the formation of 
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ATP must ultimately depend on the oxidation-reduction state of a carrier 
in the respiratory chain, since phosphorylation is causally related to oxida- 
tion-reduction reactions in the chain. With this fact in mind, a large 
number of experiments have been carried out in order to determine whether 
either the ATPase activity alone, or that stimulated by DNP, or the rate 
of the ATP-P;*® exchange could be modified by addition of oxidized or re- 
duced forms of carriers such as cytochrome c and DPN to the test system 
or, more appropriately, by inducing changes in the oxidation-reduction 
state of the bound carriers present in the digitonin complex. In no case 
were changes in the rate of ATPase or the exchange observed. However, 
it may not be concluded from these negative findings that the oxidation- 
reduction state of the carriers is irrelevant to the ATPase and exchange 
reactions without certain knowledge that the oxidation-reduction state of 
the carrier has actually been made the rate-limiting step in this complex 
system. 


SUMMARY 


An enzyme complex obtained from digitonin extracts of rat liver mito- 
chondria which is capable of coupling phosphorylation of ADP to electron 
transport is also capable of catalyzing an exchange reaction in which 
labeled inorganic phosphate is incorporated into the terminal phosphate 
group of ATP, in the absence of simultaneous oxidation. No incorpora- 
tion occurs into other nucleoside 5’-triphosphates or into ADP or other 
nucleoside 5’-diphosphates. The incorporation reaction is inhibited by 
reagents known to uncouple oxidative phosphorylation and to stimulate 
ATPase in these preparations, such as 2,4-dinitrophenol, gramicidin, 
pentachlorophenol, Dicumarol, and, in high concentrations, sucrose. The 
ATP-P;® exchange reaction, the DNP-stimulated ATPase, and the oxida- 
tion-coupled phosphorylation appear to have a common denominator, 
since all three activities are lost at the same rate when the enzyme complex 
is aged at 32°. 

The rate of the exchange reaction is relatively low compared to the net 
rate of phosphate uptake coupled to oxidation in the digitonin complex, 
whereas the reverse is true in intact mitochondria. 

The addition of ADP to the reaction medium causes inhibition of the 
ATP-P;® exchange reaction under some conditions and acceleration under 
others; other nucleoside 5’-diphosphates did not affect the reaction in this 
manner. By direct test with labeled ADP, it was found that ADP itself 
is also incorporated into ATP. 

The participation of ATP, ADP, and inorganic phosphate in these ex- 
change reactions is treated in terms of a general reaction scheme which is 
postulated for the mechanism of oxidative phosphorylation. 


578 ATP-PHOSPHATE EXCHANGE 


The authors are indebted to Nancy Buseman and Arlyne Weinberg for 


skilled technical assistance. 


BIBLIOGRAPHY 


. Cooper, C., Devlin, T. M., and Lehninger, A. L., Biochim. et biophys. acta, 18, 


159 (1955). 


. Cooper, C., and Lehninger, A. L., J. Biol. Chem., 219, 489 (1956). 
. Devlin, T. M., and Lehninger, A. L., J. Biol. Chem., 219, 507 (1956). 
. Cooper, C., and Lehninger, A. L., J. Biol. Chem., 219, 519 (1956). 


Cooper, C., and Lehninger, A. L., J. Biol. Chem., 224, 547 (1957). 


. Cooper, C., and Lehninger, A. L., Federation Proc., 15, 235 (1956). 

. Boyer, P. D., Falcone, A. B., and Harrison, W. H., Nature, 174, 401 (1954). 

. Swanson, M. A., Biochim. et biophys. acta, 20, 85 (1956). 

. Cohn, M., and Drysdale, G. R., J. Biol. Chem., 216, 831 (1955). 

. Robertson, H. E., and Boyer, P. D., J. Biol. Chem., 214, 295 (1955). 

. Kielley, W. W., and Kielley, R. K., J. Biol. Chem., 200, 213 (1953). 

. Swanson, M. A., Federation Proc., 14, 289 (1955). 

. Greville, G. D., and Needham, D. M., Biochim. et biophys. acta, 16, 284 (1955). 
. Chappell, J. B., and Perry, 8. V., Biochim. et biophys. acta, 16, 285 (1955). 

. Kaufman, S., J. Biol. Chem., 216, 153 (1955). 

. Lehninger, A. L., Harvey Lectures, 49, 176 (1953-54). 

. Slater, E. C., Nature, 172, 975 (1953). 

. Hunter, F. E., Jr., in McElroy, W. D., and Glass, B., Phosphorus metabolism, 


Baltimore, 1, 297 (1951). 


. Lardy, H. A., and Wellman, H., J. Biol. Chem., 195, 215 (1952). 
. Chance, B., Williams, G. R., Holmes, W. F., and Higgins, J., J. Biol. Chem., 217, 


439 (1955). 


fF fF 


( 
2 
4 
5. 
6 
7 
8 
9 
10 
11 
12 
13 
14 | 
15 
16 
17 | 
18 
19 
( 
I 
( 


GLUCOSE OXIDATION AND CYTOCHROMES IN SOLUBILIZED 
PARTICULATE FRACTIONS OF ACETOBACTER 
SUBOXYDANS* 
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Microbial terminal oxidases are usually associated with particulate frac- 
tions in the cell. These fractions, however, are difficult to resolve into 
smaller active molecules that are suitable for enzymatic studies in vitro. 
This fact led Rittenberg (1) to propose that these particles are surrounded 
by a special membrane. 

The present paper will report a a of “solubilization” of particulate 
oxidase systems from Acetobacter suborydans. This method can also be 
applied to other organisms, such as Acetobacter pasteurianum. With the 
extracts obtained, cytochrome spectra and a glucose oxidase have been ob- 
served. 


EXPERIMENTAL 


A. suborydans ATCC 621 cells were grown as previously described in a 
medium of glycerol-yeast extract (2). Methods for disintegration of cells 
by alumina grinding (2) and by sonic vibration (3) were used. 

Protein was determined by a biuret method (4) with the following modifi- 
cation: 1 ml. of sample was treated with 1.5 ml. of 60 per cent urea and 2.5 
ml. of the biuret reagent containing 0.3 per cent CuSO,-5H,0, 0.9 per cent 
Rochelle salt, 0.5 per cent KI, and 0.2 nN NaOH. Readings were taken at 
530 mu after the solution stood at room temperature for 5 minutes. Crys- 
talline bovine serum albumin was used as the standard. 

Acylhydroxamic acids were determined by the method of Hestrin (5). 
Gluconolactone was employed as the standard, those experiments being 


* This work was supported by grants from the Nutrition Foundation, Inc., and the 
Division of Research Grants and Fellowships, National Institutes of Health, United 
States Public Health Service. Published with the approval of the Monographs Pub- 
lications Committee, Research paper No. 304, School of Science, Department of 
Chemistry. 

1 “Solubilization” is defined as the production from particulate fractions of ex- 
tracts that remain in the supernatant layer after centrifuging for 100 minutes at top 
speed in the Spinco model L ultracentrifuge, with rotor No. 40.3. Performance in- 
dex (PI) = (RPM)?/(log Rmax — log Rmin), Where R = centrifugal force X g. PI 
at top speed of the Spinco L centrifuge with rotor No. 40.3 is 31.3 < 10® (see the 
Spinco ultracentrifuge technical manual, model L). 
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included in which glucose was not the substrate. The method of Isbell 
et al. (6) was used for the isolation of barium gluconate and its conversion 
to the 6-lactone. The change of optical rotation of the lactone was studied 
in aqueous solution. 

Deoxycholic acid (California Foundation for Biochemical Research) was 
crystallized twice from 95 per cent ethanol. Difference spectra were read 
in a Beckman DK-2 spectrophotometer in matched 1 sq. cm. Corex cu- 
vettes at temperatures from 18-22°. Reduced mammalian cytochrome c 
was used in every experiment for the standardization of wave length 
readings. 


RESULTS AND DISCUSSION 
Preparation and Solubilization of Particulate Fractions 


Particulate fractions prepared by either grinding with alumina (2) or by 
sonic disintegration (3) showed similar behavior with respect to glucose 
oxidation, “‘solubilization,”’ and cytochrome spectra of the solubilized ex- 
tracts. 

The procedures (3, 7, 8) used previously in this laboratory for preparing 
particulate fractions furnished active enzymes, but were tedious and gave 
low yields. Several modifications of these methods were therefore ex- 
plored. 

It was found that the magnitude of the decrease in light scattering after 
solubilization was inversely proportional to the contamination of the pink 
gel by white-colored materials. The latter were presumably cell walls, de- 
bris, together with partially broken and unbroken cells. When a “pure” 
pink gel was used, the optical density at wave length 550 my could be re- 
duced nearly to zero after treatment with deoxycholate. However, the 
contaminating materials were unaffected by deoxycholate. Likewise, 
whole cells were not solubilized. This fact greatly simplified the opera- 
tion, since the white materials were removed at the final step by centrifu- 
gation. 

The method described below for preparation of particulate fractions and 
their “solubilization”? was found satisfactory. The separation scheme, 
with the terminology employed in this paper, is summarized in the ac- 
companying diagram. 

3.5 gm. of lyophilized cells were suspended in 35 ml. of 0.02 m phosphate 
buffer, pH 6.0, and disintegrated as described previously (2). All oper- 
ations henceforth were performed at about 4°. The mixture was centri- 
fuged for 20 minutes at performance index (PI)! of 1.40 * 10® in a Spinco 
model L ultracentrifuge. The supernatant liquid was separated from the 
loosely packed precipitate and was further centrifuged at PI = 22.4 x 10 
for 60 minutes. The clear supernatant extract (non-particulate) was saved 
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Fractionation of A. suboxydans 
Lyophilized cells 
Disintegrated in PO, buffer; 


then centrifuged 20 min.; 
PI = 1.40 x 108 


Centrifuged 60 min.; 
Debris, ete. PI = 22.4 x 108 
Washed 3 times by 
centrifugation for Cell-free extract 
30 min.; PI = (non-particulate) 
22.4 X 108 


Particulate fraction treated 


with deoxycholate; then Washings 
centrifuged 30 min.; PI = 
22.4 108 

Debris, etc. “Solubilized” extract! 


for other studies. The upper pink layer of the precipitate, which consti- 
tuted approximately 0.8 of the total pellet, was removed and washed with 
about 30 ml. of the buffer. Dispersion of the gel in this and all subsequent 
steps was carried out in a Potter-Elvehjem homogenizer. The second cen- 
trifugation at the same speed usually gave a very small amount of white 
materials. 

The pink gel was removed and washed as before. A third washing was 
performed in the same manner.? The pellet from the final centrifugation 
was suspended in 0.02 m glycylglycine buffer, pH 8.0, to a volume of 17 ml. 
At this point the preparation was free from soluble enzymes and inorganic 
materials derived from the sonic oscillator. It was also essentially free 
from the white particles described above; however, contamination by the 
latter was not critical. 

The suspension obtained in the previous step was homogenized in two 
portions for 1 minute with a total volume of 17 ml. of 2 per cent deoxy- 
cholate in 0.1 mM glycylglycine at pH 8.0 to 8.4. The decrease of optical 
density at 550 my by the deoxycholate treatment was usually more than 
1.0 after a 5-fold dilution. The mixture was then centrifuged for 30 min- 
utes at PI = 22.4 & 10%. The inactive precipitate was discarded. The 
supernatant liquid, which is called the ‘‘solubilized” extract in this paper, 
contained glucose oxidase and cytochrome. Glucose oxidase was not pre- 


?The pink color of the gel usually became paler after washings. This was ap- 
parently due to the oxidation of cytochrome in the slightly acidic medium, once 
separated from cell-free extracts. The latter presumably contained endogenous 
reducing matter. 
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cipitated by further centrifugation at PI = 31.3 * 10 (the highest speed 
attainable in the centrifuge) for 100 minutes. However, in dialyzed ex- 
tracts, about 50 per cent of the enzymatic activity was sedimented under 
the same conditions. 

In thirty or more experiments, the average yield was about 34 ml. of 
extract with a protein content of 8 mg. per ml. This constituted an 8 per 
cent over-all yield, based on the lyophilized cells. The protein yield in the 
soluble (non-particulate) fraction was approximately 50 to 60 per cent. Of 
the remainder, up to 20 per cent can be accounted for by larger particles, 
including unbroken cells, observed under the electron microscope (2). 

During the last 3 years a number of methods, enzymatic, chemical, and 
physical, have been tested for increasing the solubility of particulate sys- 
tems from A. suborydans. Of these, only the isobutanol method of Kun 
(9) was at all effective, and this only slightly. Thus far, only deoxycholate 
has proved useful and practical. Treatment with cholate gave rise to no 
increase in solubility. Deoxycholate has been used by several investi- 
gators for solubilization of particles derived from animal tissues (see, for 
example, Wainio and Cooperstein (10)), but it has not been widely applied 
to microbial particles. The mechanism of the “solubilization” in either 
system is not clear. 


“Glucose Oxidase”’ in Deoxycholate-Treated Extracts 


A. suborydans particulate enzymes can oxidize glucose, ethanol, propa- 
nol, mannitol, sorbitol, erythritol, glycerol (8), and butanol. All these ac- 
tivities, with the exception of glucose oxidation, disappeared in aged prep- 
arations. The ‘‘solubilized”’ extracts of fresh or aged particulate fractions 
oxidized only glucose. As shown in Fig. 1, the consumption of oxygen 
catalyzed by the deoxycholate-treated preparations was rapid up to a limit 
of 1 atom per molecule of glucose. However, it was necessary to dialyze 
the extracts for about 48 hours at pH 8.0 against 0.02 m glycylglycine or 
phosphate in order to remove deoxycholate. Oxidation in the presence of 
this reagent was greatly retarded, as may be noted in Fig. 1. Concentra- 
tions of deoxycholate as low as 0.02 per cent were inhibitory, and therefore 
all preparations were exhaustively dialyzed before use. 

Electron Acceptors—Triphenyltetrazolium chloride or methylene blue 
were unable to replace oxygen as electron acceptor. However, 2,6-dichlo- 
rophenol-indophenol was effective under the same conditions as those under 
which oxygen was the final acceptor. In view of the oxidation-reduction 
potentials of these dyes, it is evident that the potential for electron trans- 
fer from glucose to the primary acceptor must be rather high. No evidence 
was found that pyridine nucleotides were required in the oxidation. 

Exogenous flavin adenine mononucleotide or dinucleotide did not stimu- 


t 


© 


le 
n 
n 
n 
V 
| 
f 


T. E. KING AND V. H. CHELDELIN 583 


late the rate of oxidation in either fresh or aged preparations. The ac- 
tivity of flavoproteins is specifically inhibited by quinacrine. Complete or 
nearly complete inhibition has been shown at 10-* m in diphosphopyridine 
nucleotide (DPN) cytochrome c reductase (11, 12) and triphosphopyridine 
nucleotide (TPN) cytochrome c reductase (13), and at 10-4 m in aldehyde 


Oxygen Consumption (microatoms) 


| 
40 80 120 


Time (minutes) 

Fig. 1. Glucose oxidation in A. suborydans. Curve A particulate fractions, 
Curve B solubilized extracts before dialysis, and Curve C solubilized extracts after 
dialysis. The systems contained 50 umoles of glucose, 250 umoles of phosphate buffer, 
9.0 mg. of crystalline bovine serum albumin, and 1.0 mg. of enzyme. pH 6.0; vol- 
ume = 2.8 ml.; temperature, 29°; atmosphere, oxygen. 


oxidase (14). The present glucose oxidase was inhibited less than 50 per 
cent by quinacrine at concentrations as high as 10-? m with an incubation 
period of 20 minutes prior to the determination. If a flavoprotein is in- 
volved in the electron transfer from glucose to oxygen, it must possess a 
higher potential than any of the known free flavins. Moreover, the apo- 
enzyme must have low affinity for the inhibitor. 

No exogenous cofactors or cations were found to be essential or stimu- 
latory. Phosphate was not required. As might be expected in view of the 
failure of methylene blue or tetrazolium to accept electrons, substrate 
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amounts of DPN and TPN were likewise ineffective. No reduction took 
place upon the addition of glucose, glucose-6-phosphate, 6-phosphogluco- 
nate, or any intermediates of the Krebs cycle, in the presence or absence of 
cyanide. The mechanism of oxidation by this glucose oxidase in the solu- 
bilized extracts is thus entirely different from that of the non-particulate, 
soluble enzymes of the pentose cycle in this organism (15). 

Oxidation Products—The product of glucose oxidation was identified ag 
gluconic acid by direct isolation as its barium salt, which possessed the same 
melting point and mixed melting point as an authentic sample, viz. 145- 
146°. The barium salt was converted to the 6-lactone. 


TABLE I 
Hydrozamic Acid Formation in Oxidation of Glucose and Galactose* 
Substrate Time Oxygen consumption |Hydroxamic acid formed 
min. microatoms pmoles 

Glucose 30 32 30 
150t 103 84 
6-Gluconolactone 150 0 60 
os t 150 0 52 

Galactose 30 16 30§ 
“6 100 45 90 


* The systems contained 100 uwmoles of substrate, 150 pmoles of succinate buffer, 
pH 6.0, 9 mg. of crystalline bovine albumin, and 1 mg. of dialyzed, ‘‘solubilized” 
extract, except where otherwise indicated. The values for hydroxamic acid were 
corrected with the use of appropriate blanks. 

t Oxidation stopped at about 110 minutes. 

t With boiled enzyme. 

§ 5-Gluconolactone was used as the standard in the colorimetry. 


100s. Calculated. C 40.5, H 5.60 
Found. “« 40.3, “ 5.70 
40.4, 5.60 


The lactone showed the same kinetic behavior as an authentic sample in 
the change of optical rotation in water. 

As shown in Table I, the primary product of the glucose oxidation was, 
however, a lactone. Since the rate of hydrolysis of the lactone was ap- 
proximately the same in the presence and absence of enzyme, the lactone 
cleavage enzyme may not have been present in the solubilized extracts. 
The position of the lactone ring is not certain. 

Since the solubilized extracts contained an enzyme which catalyzed the 
decomposition of hydrogen peroxide, it was not possible to determine 
whether hydrogen peroxide or water was the primary product. However, 
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neither the rate of oxidation nor the total amount of oxygen was changed 
by addition of ethanol, high concentrations of acetate, or crystalline cata- 
lase. These results may point to water formation by this oxidase. 
Properties of Enzyme—The oxidation possessed an optimal pH of 5.5, as 
shown in Fig. 2. The Michaelis constant was determined by the Line- 
weaver-Burk plot at 29°, pH 6.0, with glucose concentrations ranging from 
20 to 600 umoles per 2.8 ml., and found to be 8.5 X 10-? mole per liter. 
The activation energy of the oxidation was found to be 11.4 kilocalories 
per mole from the Arrhenius plot at temperatures of 14.7, 24.0, and 40.0°. 
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pH 
Fic. 2. The effect of pH upon glucose oxidation by ‘‘solubilized’’ particulate en- 
zymes of A. subozydans. The systems contained 100 umoles of glucose, 250 uwmoles 
of the buffer indicated, 5.0 mg. of crystalline bovine serum albumin, and the ‘‘solu- 
bilized’”’ particulate enzyme (2 mg. of protein content). Volume = 2.8 ml.; tempera- 
ture, 29°; atmosphere, oxygen. 


Temperatures above 40° rapidly inactivated the enzyme. At 49°, no oxy- 
gen consumption could be registered in a Warburg apparatus. 

Inhibitors—Cyanide at 5 X 10-4 m, pH 7.0, and azide at 5 X 10-4 m, pH 
6.0 or 7.0, inhibited about 90 per cent of the oxidation. Antimycin A up 
to 10 y per ml., Versene at 10-* m, pH 6.0, or 8-hydroxyquinoline at 10-* m 
did not show any effect. , 

Specificity—Among the sugars tested, only glucose and galactose were 
appreciably oxidized. The rate of mannose oxidation was very slow, 
whereas maltose, lactose, fructose, sucrose, cellobiose, raffinose, glucose-6- 
phosphate, 5-gluconolactone, and calcium gluconate were not attacked. 
The oxidation of galactose also stopped at 1 atom of oxygen consumption 
permolecule. Since non-particulate cell-free extracts are unable to oxidize 
this sugar (16), the galactose oxidation enzyme apparently occurs only in 
the particulate fraction, The primary product, as with glucose, was a lac- 
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tone according to the acylhydroxamic acid test. The apparently higher 
than theoretical yield of lactone was probably due to the use of glucono- 
lactone as standard in the colorimetry. 


Cytochrome Spectra of A. suboxydans 


Available spectrophotometers such as the Beckman, Unicam, or Uvispek 
models were not satisfactory for the examination of absorption spectra of 
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Fic. 3. Difference spectra from ‘“‘solubilized”’ particulate fractions of A. subozy- | 


dans. Tracing from a Beckman DK-2 recording spectrograph performed at scanning 
rate = 10 minutes, sensitivity 40, photomultiplier IX. The protein concentration 
was 6 mg. per ml. in 0.02 m buffer, pH 8.0. The reduced sample was formed by prior 
reaction with 10 mg. of solid glucose for 20 minutes. 


whole cells or particulate matter owing to high light scattering properties 
of the suspensions and their low cytochrome content. The optically clear 
extracts of the deoxycholate-treated preparations did not show this com- 
plication and thus could be studied without ambiguity. 

Solubilized extracts after reduction with dithionate or glucose exhibited 
three peaks, viz. 426 to 428, 528 to 532, and 558 to 560 my. A difference 
spectrum is shown in Fig. 3. When the spectra were observed on an en- 
larged scale of the spectrophotometer, one shoulder each of the a- and 
B-band positions was observed. However, no further differentiation was 
noted at the y-band, even at a very slow scanning rate (100 minutes). 

Dithionate reduction was instantaneous, but at pH 6.0 the reduced 
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spectra formed from the glucose reaction were easily observed only in the 
presence of cyanide. At pH 8.0, the reduced spectra from glucose did not 
reach a climax until after about 15 minutes. Addition of a strong reducing 
agent such as dithionate, however, did not further intensify the absorption. 
This finding was significant in view of the observation that the optimal pH 
for the glucose oxidation was 5.5. Thus, at acid pH values the reduced 
cytochrome was rapidly oxidized by molecular oxygen. Although at pH 
8.0 the electron transfer from glucose to cytochrome was much slower than 
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Fic. 4. Difference spectra of pyridine hemochromogen from “‘solubilized’’ par- 
ticulate fractions of A. subozydans. The Beckman settings were the same as those in 
Fig. 3. Pyridine hemochromogen was made according to Vernon and Kamen (17), 
with protein concentration of 6 mg. per ml. 


at pH 6.0, the autoxidation of the reduced cytochrome did not take place, 
and the reduced cytochrome could be demonstrated. All these observa- 
tions were in line with the fact that the oxidations by molecular oxygen in 
this organism showed optimal pH values of 5 to 6. It will also be recalled 
that the optimal pH for growth of this organism with rapid aeration is 5 
to 6. 

The rate of cytochrome reduction by reduced diphosphopyridine nucleo- 
tide (DPNH) and reduced triphosphopyridine nucleotide (TPNH) was 
much slower than that of glucose at either pH 6.0 or 8.0. The reduction 
was followed by the appearance of cytochrome peaks or by the disappear- 
ance of pyridine nucleotides. This observation was apparently due to the 
fact that some intermediate carrier in the electron transfer chain between 
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the pyridine nucleotides and cytochrome was deficient in the solubilized 
extracts. On the other hand, glucose oxidation may not require this inter- 
mediate. This reasoning is also in line with the enzymatic results which 
showed only glucose, galactose, and mannose to be oxidizable. 

When the cytochrome was reduced in strong alkaline solution to produce 
cyanohemochromogens, as in a previously described method (17), the spec- 
tra were not appreciably different from those of cytochromes reduced only 
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Fic. 5. Difference spectra of non-particulate soluble fraction of A. subozrydans 
The Beckman settings were the same as those in Fig. 3. The protein concentration 
was about 15 mg. per ml. in 0.02 m phosphate buffer, pH 8.0. The reduced sample 
was prepared by addition of about 2 mg. of Na2S.QOx,. 


by dithionate. However, the Soret peak of pyridine hemochromogen 
shifted to a lower wave length as shown in Fig. 4. 

By using a different method, Smith reported absorption peaks in intact 
A. suborydans cells at 422, 525, and 554 my (18). This difference of about 
4 to 6 mu between her results and those reported here might be due to 
interference by other substances in intact cells. That it is not due to de- 
oxycholates in the solubilized preparation is indicated, since dialysis re- 
moved practically all the deoxycholate, and added deoxycholate at 1 per 
cent concentration did not change the position of the absorption peaks. 

As shown in Fig. 5, soluble cell-free extracts (non-particulate) of this or- 
ganism showed the Soret peak at 422 mu. The absence of a and £ peaks 
in cell-free extracts was probably due to the lower extinction coefficients of 
these bands and to the fact that most of the cytochrome was associated 
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with the particulate enzymes. The 422 my maximum was not changed by 
addition of deoxycholate. Unpublished observations of Keilin and Smith? 
have revealed that, at liquid air temperatures with a low dispersion, direct 
yision Hartridge spectroscope, three components were observed in the 
a-band. Thus the component with a 422 my maximum observed in the 
present study in the non-particulate fraction might not be identical with 
the 426 to 428 my band associated with particulate fractions. Moreover, 
the non-particulate peak shifted to 415 + 1 my in the oxidized form. This 
shifting was not observed in the deoxycholate-treated preparations. 

The results described in this paper, as well as the observations of Keilin 
and Smith, suggest that the heme proteins in this organism are of multiple 
character, as in animal tissues, with as many as three components in the 
cytochrome group. 


Cytochrome Spectra of A. pasteurianum 


The foregoing “‘solubilization”’ method could be also applied to the par- 
ticulate fraction from A. pasteurianum. From difference spectra of the 
solubilized particles from this organism, maxima were observed at 430, 440 
to 445, 528 to 532, 558 to 560, and 590 to 595 my. Smith (18) reported 
the maxima at 428, 443, 523, 554, and 588 from her studies with intact 
cells. Here again, about 2 to 6 my differences were noticed between the 
data from the solubilized extract and the intact cells. The pyridine hemo- 
chromogen showed absorption in the Soret region at 418 to 421 instead of 
430 mu. 


The initial work on cytochrome in A. suborydans was started in Dr. 
Keilin’s laboratory at the Molteno Institute in 1955 by one of us (T. E. K.). 
Professor Keilin’s valuable ideas and instructions are gratefully acknowl- 
edged. Stimulating discussions and suggestions from Dr. Lucile Smith 
were also helpful in the progress of this work. The authors appreciate the 
technical assistance of Miss Mary K. Devlin. 


SUMMARY 


The particulate enzyme fraction of Acetobacter suborydans has been ren- 
dered soluble by treatment with deoxycholate. The preparations so ob- 
tained contain glucose oxidase, which catalyzes the formation of glucono- 
lactone without dependence upon exogenous cofactors or inorganic ions. 

The reduced cytochrome of the solubilized particulate preparation shows 
absorption maxima at 426 to 428, 528 to 530, and 558 my. The Soret ab- 
sorption peak shifted to 518 my in the pyridine hemochromogen. 


? Personal communication. 
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Addendum—lIn cooperation with Professor S. Y. Chen of the Department of 
Physics, University of Oregon, the absorption peaks described in Figs. 3 and 5 were 
confirmed by spectrographs obtained from a Bausch and Lomb large Littrow quartz 
spectroscope with use of iron arc comparison spectra for wave length setting. No 
niacin was found in the soluble extract of the particulate fraction after acid diges- 


tion. (The microbiological assay was performed by Wisconsin Alumni Research 
Foundation.) 
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t-GLUTAMIC ACID DEHYDROGENASE: STRUCTURAL 
REQUIREMENTS FOR SUBSTRATE COMPETITION: 
EFFECT OF THYROXINE* 


By WINSLOW S. CAUGHEY,t J. DONALD SMILEY,f 
AND LESLIE HELLERMAN$§ 


(From the Department of Physiological Chemistry, The Johns Hopkins 
University School of Medicine, Baltimore, Maryland) 


(Received for publication, June 28, 1956) 


In continuation of studies on amino acid oxidation with respect to both 
specificity and enzymatic mechanism, we have explored several types of 
interference with the functioning of L-glutamic acid dehydrogenase.' It 
had been indicated that the isolated flavoenzyme, D-amino acid oxidase, 
is inhibited by acrylic acid derivatives such as crotonate and cinnamate, 
and by related aromatic systems such as benzoate and indole-2-carboxylate 
as well as by certain phenols (1, 2). These inhibitions have been gen- 
eralized (2) in terms of a substrate-competitive process in which the in- 
hibitor competes for the site at which the substrate p-amino acid is con- 
verted to its oxidation product. In a sense, there isinvolved “antagonism” 
between the inhibiting a,8-unsaturated anions represented by the group- 
ing 


—C=C—X- 
and the iminoketonic products of oxidation. Because of the central posi- 
tion assumed for the system concerned with the reversible oxidation of 
L-glutamic acid in the metabolism of L-amino acids, it was considered de- 
sirable to examine the problems bearing upon the mechanism of this proc- 
ess. 
(H:0) (1) 


a-ketoglutarate + DPNH or TPNH + NH; 


Glutamate + DPN or TPN > 


* This investigation was supported by research grant No. C-392 from the Na- 
tional Cancer Institute, National Institutes of Health, United States Public Health 
Service. 

t Present address, The Monadnock Research Institute, Inc., Antrim, New Hamp- 
shire. 

t Henry Strong Denison Scholar, 1954-55. 

§ Address inquiries regarding this article to this author. 

‘Abbreviations used in this paper are GAD, t-glutamic acid dehydrogenase; 
KGA, a-ketoglutaric acid; DPN, diphosphopyridine nucleotide; TPN, triphospho- 
pyridine nucleotide; DPNH, reduced diphosphopyridine nucleotide; TPNH, reduced 
triphosphopyridine nucleotide. 
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It became apparent from early experiments that characteristic com. 
petitive inhibitors for the oxidation of D-amino acids by D-amino acid oxi. 
dase have but little inhibitory action in respect to GAD, thus confirmatory 
of fundamental differences in enzymatic mechanism.? However, glutarate 
and a-ketoglutarate proved to be powerful competitive inhibitors of glu. 
tamate oxidation while fumarate, adipate, and succinate, for example, 
were much less effective. Stereochemical considerations then permitted 
the prediction that isophthalate and the structurally similar m-halogeno- 
and m-nitrobenzoates and 5-halogeno- and 5-nitrofuroates might be rever. 
sibly competitive inhibitors. These results have led to a clearer under. 
standing of the structural requirements of substrates, inhibitors, and 
enzyme. 

Our studies also included some consideration of inhibitory effects with 
respect to the reverse, reductive process (formation of L-glutamate) and, 
further, an approach to a rather striking inhibitory effect upon the enzyme 
by thyroxine and certain related compounds, with respect to both the for- 
ward and reverse reactions. _ 


EXPERIMENTAL 


The crystallized enzyme of Olson and Anfinsen (4) was prepared from 
beef liver homogenates.‘ The resulting enzyme preparations retained high 
activity at 0° over a period of several months. Unless otherwise stated, 
the rate studies were made at 25° in 0.05 mM pyrophosphate buffer of pH 
8.40. The reactions were followed by the change in absorbance at 340 
my with use of a Beckman DU spectrophotometer and 1 cm. silica cells. 
All the components except enzymes were first pipetted into the absorp- 
tion cell and thoroughly mixed. At zero time the enzyme solution was 
added with thorough mixing and the absorbance determined at 0.5 min- 
ute intervals for 3 minutes. The initial velocity was obtained from a plot 
of absorbance with respect to time. For the forward reaction, glutamate 
oxidation, such plots often were not linear for the entire 3 minute period. 
This non-linearity can be attributed, at least in part, to inhibition by the 


2 We may conclude, in keeping with indications from recent investigations of 
others, that the unhydrated iminoketonic (a-imino) acid as such is not an interme- 
diate in this reversible process. 

3 Compare Iwatsubo et al. (3). 

4 Minor alterations in the method as published were found to be essential. In the 
first adjustment of pH to 5.8, sufficient acetate buffer must be used, about 5 times the 
quantity suggested. Later, after Precipitate B has been redissolved in phosphate 
buffer, care must be taken to use, for subsequent precipitation of the crude enzyme, 
only 55 ml. of ethanol per liter and not 10 per cent by volume. 


pl 
AC 
ti 

b 

t 

ti 

t 

F 

ac 

i 

(3 
ra 

st 

pl 
| 
a 

pl 
ce 

i 
g| 
of 

Ww 

hi 
us 


W. S. CAUGHEY, J. D. SMILEY, AND L. HELLERMAN 593 


product, a-ketoglutarate. In the much more rapid reverse, reductive re- 
action, the absorbance changed linearly with time over the entire 3 minutes. 

In the mixtures for the forward, oxidative process, the DPN concentra- 
tion was 0.5 mg. per ml. (6.4 X 10-*m). Cozymase (Sigma ‘90’’), found 
by assay to contain 84.6 per cent DPN, was used. For the reverse process 
the concentration of DPNH, prepared from DPN by the method of reduc- 
tion by hydrosulfite, was 1.7 X 10-* m and of (NH,)2SO, was 0.075 m. 

Sodium L-thyroxinate pentahydrate, the triiodothyronine salt, and also 
thyronine were supplied by Dr. A. E. Heming of the Smith, Kline and 
French Laboratories, the 5-substituted furoates by the Eaton Laboratories 
Division, the Norwich Pharmacal Company, and cis-aconitic and trans- 
aconitic acids by Dr. J. Werner of the General Aniline Works. 2,4,6-Tri- 
iodophenol, 3 ,5-diiodo-4-(4’-hydroxyphenoxy) benzoate, and 3,5-diiodo-4- 
(3’ ,5’-diiodo-4’-hydroxyphenoxy) benzoate had been prepared in this labo- 
ratory by Dr. J. R. Kimmel. The remaining compounds used in these 
studies were obtained commercially, and purified until pertinent physical 
properties checked with accepted values. 

The assistance of Dr. Glenn M. Clark in some of the observations is 
gratefully acknowledged. 


RESULTS AND DISCUSSION 


Forward Reaction (Glutamate Oxidation): Inhibition by Compounds Struc- 
turally Similar to Substrate—During glutamate oxidation, the change of 
optical density at 340 my (reduction of DPN) with time is linear at first 
and then non-linear. This development of non-linearity as the reaction 
progressed suggested product inhibition. Previously, KGA at high con- 
centrations (5, 6) and p-glutamate (6, 7) had been reported to be somewhat 
inhibitory. We have found the 5-carbon dicarboxylate anions, a-keto- 
glutarate and glutarate, to be competitive inhibitors with K, values of the 
same order of magnitude as Ks (Table I), and p-glutamate to be similarly 
effective as an inhibitor, although not clearly competitive (a = approxi- 
mately 2). 

Criteria established by extensions of the Michaelis-Menten theory (8, 9) 
were used in establishing the type of inhibition exhibited by those inhibi- 
tors that interacted with the enzyme reversibly. Purely competitive in- 
hibition usually is represented by Equations 2 and 3 and the corresponding 
expressions of equilibrium by Equations 4 and 5. The symbols have the 
usual connotations (8, 9). 


k 
E + — ES products + (2) 
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ki! 
B+ EI (3) 
ky + ks 
(4) 
(T(E) 
hy 


A plot of 1/Vo, the reciprocal of initial velocity, with respect to 1/[S] per- 
mits graphical analysis of the Michaelis-Menten equation (8). When this 
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Fic. 1. Glutarate inhibition of forward process. Molar inhibitor concentrations | 


X 10°: @ = zero; O = 0.7; A = 1.3; O = 2.0; and @ = 2.7. See the text. [S] de- 
notes molar concentrations of L-glutamate. 

Fic. 2. 5-Chlorofuroate inhibition of forward process. Molar inhibitor concen- 
trations X 10‘: @ = zero; O = 1.7; A = 2.5; O =.3.3; and @ = 5.0. [S] denotes 
molar concentrations of L-glutamate. 


theory is applicable, the plot is linear, and the intercept at the 1/(S] axis 
is at —1/Ks (9). Kg represents the authentic equilibrium constant for 
the reversible equilibrium between substrate and enzyme when kz > ks. 
Plots of 1/V» to 1/[S] for different inhibitor concentrations give a family 
of curves intersecting at a point which, for purely competitive inhibition, 
occurs on the 1/Vo axis (Figs. 1 and 2). Plots of 1/V» to [J] at different 
substrate concentrations are also linear and intersect at a point where 
[1] = —K,. From such plots were estimated the K,; values assigned in 
Table I to competitive processes, confirmatory of the values of all of these 
constants calculated (8) from reciprocal plots of which Figs. 1 and 2 are 
examples.® 

In an analysis of inhibitory processes, Friedenwald and Maengwyn- 
Davies introduced (9) a factor a, defined as 


5 See also Fig. 8 (isophthalate effect). 
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_ (ens) _ (esi 
Ky\EIS) 


a (6) 
For competitive inhibition, a is considered to be infinite. Inhibition clas- 
sically considered to be non-competitive is indicated when a = 1. The 
family of curves from 1/Vo to 1/{S] plots intersects at the point on the 
1/[S] axis equal to —1/Ks. This is illustrated in Fig. 3, which depicts 


TABLE I 
Competitive Inhibitors Structurally Related to Substrate; Forward Process 


Ks = 1 X 10°? m. The methods employed for evaluation of the constants, Ky, 
are described in text. 


Compound Standard deviation 
a-Ketoglutarate............... 10 7.3 1.1 
7 5.6 0.5 
m-lodobenzoate................ 4 4.6 
m-Bromobenzoate.............. 2 5.4 
m-Chlorobenzoate............. 2 10.2 
m-Nitrobenzoate ............... 3 34.0 
5-Bromofuroate................ 6 0.59 0.08 
5-Chlorofuroate. ............... 6 0.63 0.07 
§-Nitrofuroate................. 5 1.7 0.4 


* These inhibitors are too weak either to permit the determination of significant 
K,; values or to establish the inhibition as being truly competitive. 

t p-Glutamate and trimesate had @ values of approximately 1.7, which indicates 
inhibition intermediate between competitive and non-competitive. 


glutarate inhibition in the reverse, reductive process. Plots of 1/V»o to 
[/] intersect on the [I] axis, where [J] = —K,. Inhibitors which fall be- 
tween the competitive and non-competitive classifications may be de- 
scribed as having a values between 1 and «. In this paper, all the inhibi- 
tors classified as competitive have a values greater than 10. 

In the GAD system, the participation of DPN in the forward reaction 
and of DPNH and ammonia in the reverse reaction would require consider- 
ation of processes less simple than the reaction type represented in Equa- 
tion 2. A rigorous examination of all the parameters involved would be 
valuable and would require extended experimentation. However, with 
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maintenance of high and essentially constant concentrations of DPN for 
the forward reaction and of DPNH and ammonia in the reverse reaction, 
the studies with reversible inhibitors gave linear 1/V» to 1/[S] and 1/V, 
to [I] plots. This was considered substantial evidence that, for the pur- 
poses of kinetic analysis, the simplified treatment suffices here. 
Substrate-Competitive Inhibitors—Glutarate is a strong competitive in- 
nibitor, but the 4-carbon acids, fumarate and succinate, and the 6-carbon 
acid, adipate, are weak and not clearly competitive. a-Aminobutyrate, 
y-aminobutyrate, L-glutamine, and diethyl-L-glutamate are essentially 
non-inhibitory at 0.01 m. Thus glutarate, L-glutamate, and a-ketoglu- 
tarate appear to be bonded to the same enzymatic site in a similar fashion; 
i.e., through critically positioned carboxylate groups. This concept de- 


l 
-600 8-800 800 1600 


l i 1 


Fic. 3. Glutarate inhibition of reverse, reductive process (a-ketoglutarate, 
DPNH, NH;). Molar inhibitor concentrations X = zero; A = 0.5; O = 1.0; 
and X = 1.5. See the text. [S] denotes molar concentrations of KGA. 


mands the presence on the enzyme surface of complementary positive 
centers so positioned as to permit the formation of sufficiently strong bonds 
with these dicarboxylate anions to contribute to the high specificity of the 
enzyme. A more detailed picture of the stereochemical requirements of 
enzyme-inhibitor and enzyme-substrate interactions is obtained from a 
consideration of the relative effectiveness of certain other compounds as 
inhibitors. 

In particular, from a study of the inhibition by certain disubstituted 
benzoates and furoates, compounds with conformations less equivocal 
than is the case with the linear aliphatic dicarboxylates, we have been able 
to elucidate the required distance between carboxylate groups (an inter: 
proton distance of about 7.5 A), to show that at least one of the carboxylate 
anions may be replaced by halogeno or nitro groups without greatly alter- 
ing the effectiveness of a compound as an inhibitor, and to gain further 
insight into the structural factors causing irreversible inhibition in some 
cases and lack of inhibition in others. 
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Stereochemical Considerations—With a linear aliphatic dicarboxylate 
anion, the exact structure (conformation) critical for combination with 
the enzyme is not readily determined. However, crystal structure deter- 
minations have been completed for adipic acid ((10) p. 987), glutaric acid 
(10) p. 1001), succinic acid ((10) p. 980; (11)), pi-glutamic acid hydro- 
chloride (12), and L-glutamic acid (13). The crystal structure cannot indi- 
cate definitely either the conformations of the dicarboxylate anion in solu- 
tion or the critical conformation satisfying the stereochemical require- 
ments of the enzyme. In the approach to the determination of these 
conformations, especially conformations tn solution, the effect must be con- 
sidered of internal rotation which tends to shorten the distance between 


TABLE II 
Interproton Distances for Dicarborylic Acids 


Rmax = the maximal extension interproton distance of Peek and Hill (20). R, = 
the interproton distance calculated from data on crystal structure. In all cases, 
it was assumed that all carbon atoms were coplanar. 


Compound Re Rmax Bibliographic reference 
A A 

6.55 6.65 ((10) p. 980; (11)) 
7.65 7.40 ((10) p. 1001) 
comment 9.05 9.03 ((10) p. 987) 
Glutamic acid................ 7.45 (13) 
Isophthalic acid.............. 7.45 (21, 22) 
Phthalic acid................. 4.25 (21, 22) 
Terephthalic acid............. 8.65 (21, 22) 


carboxylate anions, the electrostatic repulsion between the two negative 
charges which tends to extend the molecule, and the steric repulsion be- 
tween the movable groups (14-16). Of the several approaches proposed 
for the determination of charge separation distances (17), the Kirkwood- 
Westheimer theory (18) has been particularly successful (19, 20). How- 
ever, theoretical treatments have led only to a rather rough approximation 
of conformations in solution. Nevertheless, we have found the concept of 
interproton distance, R, determined by locating the protons 1.45 A from 
the respective carboxyl carbon atom on an extension of terminal carbon 
to carbon bonds (18), to be useful in this study. 

Peek and Hill (20) have calculated free rotation and maximal extension 
interproton distances, R;, and Rmax, respectively, for a series of aliphatic 
dicarboxylic acids. For glutaric acid, Ry, = 5.75 A and Rax = 7.40 A. 
From the data on crystal structure for this compound ((10) p. 1001), we 
calculated a value R, of 7.65 A (Table II). Peek and Hill chose the average 
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value, R = 6.75A, where R = (Ry, + Rmax)/2 as a “rough guess” of the 
value of R for glutaric acid in solution. Although R values must be classed 
as approximations, Rn»ax, and the usually comparable R., can be more 
accurately determined. 


TABLE III 
Inhibition of Glutamic Dehydrogenase; Forward Process 
Glutamate concentration = 0.002 m. 


Per cent cent 
Compound (7) X 108) inhibi- Compound X 108) inhibi. 
tion tion 

8.0 7 | Indole-2-carboxylate..... 7.5) 21 
10 16 | Indole-3-carboxylate..... 8.3 | 38 
10 29 | Phthalate (o-)........... 10 17 
20 26 | Terephthalate (p)....... 16 
2 53 | Isophthalate (m-)........| 2 50 
p-Glutamate................ 2 47 | o-Ilodobenzoate.......... 1.3); 0 
a-Ketoglutarate............. 2 43 | p-lodobenzoate.......... 1.3/ 0 
L-Glutamine................ 10 =O | m-Iodobenzoate.......... 13); 2 | 
L-Diethylglutamate. ..._.... 10 0 | m-Bromobenzoate........| 2 53 
B-Methylglutarate........... 10 0 | m-Chlorobenzoate.......; 2 39 
8,8-Dimethylglutarate ......| 10 0 | m-Nitrobenzoate.........| 2 16 
10 0 | 5-Bromofuroate.......... 0.25, 54 
cis-Aconitate................ 8 5 | 5-Chlorofuroate.......... 0.25) & 
trans-Aconitate............... 8 20 | 5-Nitrofuroate........... 0.25) 28 
pL-a-Aminovalerate......... 10 0 | m-Toluate............... 10 0 
DL-a-Aminobutyrate.........| 10 2.5 | 38 
pL-y-Aminobutyrate.........| 10 2 | o-Hydroxybenzoate*..... 10 0 
SE ee 10 12 | m-Hydroxybenzoate..... 10 27 
10 26 | p-Hydroxybenzoate...... 10 0 
10 38 | Pyridine-2,6-dicarboxyl- 

2.5 0 | Chelidonate............. 2.5; 7 


* Inhibitory effect of maleate or acetylsalicylic acid, nil. 


On the assumption that the factors tending to shorten the interproton 
distance are at a minimum in the enzyme-inhibitor complex, a considera- 
tion of R. values of the effective linear aliphatic dicarboxylate inhibitors, 
glutarate, KGA, and p-glutamate, led to the prediction that isophthalate 
might be an equally effective inhibitor and that phthalate and terephthal- 
ate would not inhibit (Tables I and III). Although crystal structure 
determinations for the three phthalic acids are not available, reasonable 
structures can be constructed from crystallographic data of similar com- 
pounds. The FR, values for glutarate and isophthalate are 7.65 and 7.49 
A, respectively, in contrast to those for terephthalate (8.65 A), phthalate 
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(4.25 A), succinate (6.55 A), and adipate (9.05 A). The similarity of the 
structures for isophthalate and glutarate is illustrated in Fig. 4. Here, 
with all carbon and oxygen atoms assumed to be coplanar, the carboxylate 
groups and points used for calculating R. are essentially superimposable. 
On the assumption of the bonding to the enzyme through the carboxylate 
groups, it is apparent that the portion of the molecule oriented toward the 
enzyme surface is structurally much the same in both these compounds. 
This is not the case with phthalate or terephthalate. 

Inasmuch as the structure of the planar phthalic acids can be quite 
accurately determined (the conformations in solution, in the crystal, and 
critical for combination with the enzyme are essentially the same with 


CARBON- OXYGEN BOND 
IN ISOPHTHALATE 


= 75K. >| R 


Fia. 4 Fic. 5 


Fic. 4. Comparison of glutarate and isophthalate structures ((10) p. 1001; 22, 23)). 
Points used for determining interproton distance: X, isophthalate; @, glutarate. 

Fic. 5. Comparison of m-bromobenzoate, 5-bromofuroate, and isophthalate struc- 
tures (21-24). 


internal rotation effects at a minimum, owing to the presence of the ben- 
zene ring), and since, further, there is close agreement between K, values 
for glutarate and isophthalate, the hypothesis of a fully extended structure 
for glutarate in the enzyme-inhibitor complex is strengthened. This 
hypothesis also is consistent with the demonstration of the stability of the 
extended trans-trans form for the 5-carbon chain (n-pentane) ((15) p. 100). 
Moreover, it is reasonable to expect effects of internal rotation to be mini- 
mized in the enzyme-inhibitor complex. It is of interest that, in view of 
the planar character of these compounds and the nature of enzyme-car- 
boxylate interaction, the interproton distance values are useful in compar- 
ing compounds as competitive inhibitors, even though the structure critical 
for the combination of substrate or inhibitor with the enzyme is three- 
dimensional and the exact type of linkage is in doubt. 

The above requirements for stereospecificity may be further extended 
to the highly effective competitive inhibition by m-halogeno- and m-ni- 
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trobenzoates. As in the case of the phthalates, m-iodobenzoate is a much 
more effective inhibitor than either the ortho- or paraiodo compound. In 
these compounds, dipole interaction, resulting from halogenocarbon and 
nitrocarbon dipoles, may be involved in bonding in a manner similar to 
the charge interaction expected from the carboxylate anion. In Fig. 5, 
the structures of m-bromobenzoate and isophthalate are compared. An 
R value for m-bromobenzoate equal to that for isophthalate is obtained 
when a point 1.12 A (7.e., the covalent radius of bromine) beyond the 
bromine atom on an extension of the carbon-bromine bond and a point 
located at the carboxylate anion in the usual way are used. Similar cal- 
culations for the chloro and iodo compounds gave R values of 7.25 A and 
7.70 A, respectively. m-Nitrobenzoate and isophthalate are also structur- 
ally quite similar. 

5-Substituted Furoates—By far the most effective competitive inhibitors 
studied are the 5-substituted furoates with K, values roughly of an order 
of magnitude smaller than the corresponding m-substituted benzoates. 
Fig. 5 shows the similarity in the portions of the molecules oriented toward 
the enzyme surface and in R values among 5-bromofuroate, m-bromoben- 
zoate, and isophthalate. 

Dipole Moment and Hydration Effects—The inhibition by the m-halo- 
genobenzoates and m-nitrobenzoate shows that at least one carboxylate 
anion may be substituted by a group representing the negative end of a 
dipole without prevention of significant bonding to the enzyme. At least 
some polar interaction appears necessary, since m-toluate and a-amino- 
valerate are not effective inhibitors. A simple steric fit is therefore insufh- 
cient. However, the K, values for these inhibitors cannot be correlated 
directly with the strengths of dipole moment. For example, m-nitroben- 
zoate and m-bromobenzoate have K, values of 34 K 10-4 and 5.4 X 10°, 
respectively, although the former compound possesses the stronger dipole. 
This effect would be even more pronounced for the 5-substituted furoates 
(26). 

On the other hand, the relative K,; values obtained are consistent with 
the expected effects related to differences in the degree of solvation (hy- 
dration energy) of inhibitor. The greater the energy of hydration of an 
inhibitor, the larger will be the K;, provided that there is little change in 
the hydration energies of enzyme and enzyme-inhibitor complex. Thus, 
this effect would tend to increase the K, of nitro compounds in comparison 
with the related bromo compounds. For m-bromobenzoate and isophthal- 
ate, two opposing effects may be considered. On the basis of charge inter- 


6 Pauling (25) lists the van der Waals radii of —CH:;, Cl, Br, and I as 2.0, 1.8, 
1.95, and 2.15 A, respectively. 
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action, isophthalate with its two anionic charges, in contrast to m-bromo- 
benzoate with one anionic group and a dipole, would appear to be favored 
as an inhibitor. Conversely, the relatively greater degree of hydration 
for isophthalate would indicate an opposing relationship. Actually, the 
K, values for these two inhibitors are roughly equivalent. 

The greater effectiveness of the furoates, compared to the benzoates as 
inhibitors, may be related to an interaction between the enzyme and the 
ring oxygen of the furan. 

Planarity As Factor—The carbon chains in the effective competitive 
inhibitors for the forward process are all capable of being planar, and 
presumably are planar in their most stable conformations. Compounds 
with substituents on the a- or B-carbon atoms of glutarate, such as a-meth- 
ylglutamate (27), §8-methylglutarate, 8,8-dimethylglutarate, and also 
citrate, are not inhibitory. However, “substitution” involving the forma- 
tion of a coplanar ring system, as in the benzene and furan inhibitors, does 
not remove inhibitory effectiveness. These facts suggest that the enzyme 
cannot accommodate compounds containing non-planar bulky groups sub- 
stituted on the parent glutarate structure. Of interest also is the possible 
effect of such substitution on the interproton distance (28). 

Other Inhibitors—Trimesate (1,3 ,5-benzene tricarboxylate) is somewhat 
non-competitive (a = 1.7) and less effective than isophthalate as an in- 
hibitor; chelidonate is a still weaker inhibitor. Pyridine-2 ,6-dicarboxylate 
is a weak inhibitor comparable to fumarate and m-hydroxybenzoate. A 
model structure for this compound (29, 30) showed definite, but minor 
differences in molecular dimensions from the isophthalate structure. The 
ineffectiveness of this compound probably is to be attributed to the pre- 
ponderance at pH 8.4 of species other than a simple dianion, owing to 
protonation of the ring nitrogen (31). 

Inhibition by Thyroxine and Related Compounds—Recently thyroxine 
and certain of its analogues have been found to inhibit the p-amino acid 
oxidase in a competitive fashion.?. Potent inhibition of GAD by thyroxine 
and certain analogues might have been inferred from previous studies with 
rat kidney (32-34); this now is clearly demonstrated for the isolated en- 
zyme system used here (Table IV). In the GAD system, there is consid- 
erable evidence that thyroxine, under the conditions used in this study, 
can inactivate GAD in a somewhat “stoichiometric”? manner. Such evi- 
dence is to be found in reciprocal type plots that suggest uncompetitive 
(Ebersole et al. (8)) action (Fig. 6); in the “titration” of the enzyme with 
thyroxine (Fig. 7), where the enzymatic activity decreased linearly as the 
thyroxine concentration increased; and in the experiments (Table V) in 


" Hellerman and coworkers, in preparation for publication, 
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which the thyroxine-inactivated enzyme solutions were not reactivated by wh 
dialysis under conditions whereby the enzyme activity was found to be re- tic 
TaBLe IV 
Inhibition by Thyroxine and Various Halogeno Compounds; Forward Process 7 
Glutamate concentration = 0.002 m. pr 
Compound No. 104 th: 
ro) 
I 2,4,6-Trichlorophenol 10.0 47 3, 
II 2,4,6-Tribromophenol 3.3 15 hit 
III 2,4,6-Triiodophenol 0.5 39 wa 
IV 2,3,6-Triiodobenzoate 5.0 47 Tr 
V 3,5-Diiodo-2-hydroxybenzoate 0.7 41 
VI 3,5-Diiodo-4-hydroxybenzoate 10.0 26 hit 
VII Diiodotyrosine 10.0 5 Wi 
VIII 3,5-Diiodo-4-(4’-hydroxyphenoxy)- 0.2 53 ink 
benzoate hig 
IX 3, 5-Diiodo-4-(3’, 5’-diiodo-4’-hydroxy- <0.13 26 los 
phenoxy) benzoate 
xX Thyroxine 0.13 51 
XI Triiodothyronine 0.2 60 as 
XII Thyronine (deiodothyroxine) 0.2 0 hy 
po! 
-_ T T T T T T T effe 
ph 
fur 
\/Vo bd 
one 
E of 1 
20F od buf 
200 - 400 - 600 - 800 - 1000 ML. ENZYME 6 to t 
V{S) SOLUTION CONC. INHIBITOR x 
Fig. 6 Fig. 7 out 
Fic. 6. Thyroxine inhibition of forward process. Molar inhibitor concentrations rox 
xX 105: @ = zero; O = 0.67; and X = 1.3. [S] denotes molar concentrations of cry 
L-glutamate. has 
Fic. 7. ‘‘Titration’”’ of GAD with thyroxine and other iodo compounds. sulf 
rox! 
stored readily after treatment with the characteristic reversible inhibitors 1/{I 
developed in this investigation. These studies with thyroxine and certain = 


other iodinated aromatic compounds involved experimental difficulties pe 
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which precluded rigorous kinetic analysis (Figs. 6 and 8). Our observa- 
tions tended to exclude the thyroxine-GAD effects from the area of un- 
complicated substrate-competitive or non-competitive processes. For 
descriptive purposes, the subject was most effectively treated by special 
procedures.® 

The effect of triiodothyronine on GAD activity was comparable to 
thyroxine inhibition, while thyronine itself was not inhibitory. The thy- 
roxine analogues, 3,5-diiodo-4-(4’-hydroxyphenoxy)benzoate (VIII) and 
3, 5-diiodo-4-(3’ , 5’-diiodo-4’-hydroxyphenoxy)benzoate (IX), exhibited in- 
hibition comparable to thyroxine in degree and type. Compound IX 
was so difficultly soluble that its concentration could only be estimated. 
Triiodophenol (III) and especially 3 ,5-diiodo-2-hydroxybenzoate (V) ex- 
hibit inhibition with some degree of reversibility (Fig. 7; Tables IV and V). 
With (V) there are obtained reciprocal plots which satisfy non-competitive 
inhibition at low concentrations and practically “irreversible” inhibition at 
higher concentrations. The latter is observed for triiodophenol even at 
low concentrations (Fig. 8). 

With respect to (III) and (V), there is little difference in effectiveness 
as an inhibitor, whether an iodo group or a carboxy] group is ortho to the 
hydroxyl. However, (VI) with a carboxyl group and (VII) with a larger 
polar substituent para to the hydroxyl group are inhibitors much less 
effective than (III). This is suggestive of the differences between iso- 
phthalate and trimesate discussed above. A comparison of (IV) and (V) 
shows that the 2-iodo compound is less effective than the 2-hydroxy com- 
pound. As an inhibitor, (IV) lies between m-iodobenzoate and 5-bromo- 
furoate, according to per cent inhibition (Table IV). These data lead to 


* Note added in proof. More recent investigations by Karl A. Schellenberg and 
one of us (L. H.) have provided additional pertinent information. 10-fold dilution 
of reaction mixtures containing 10-5 m thyroxine at pH 8 to 8.4 with any suitable 
buffer (phosphate or pyrophosphate) largely restores enzymatic activity, which in 
general is proportional to the final concentration of the inhibitor. Rather surpris- 
ingly, the addition of a mercaptan such as glutathione, cysteine, or mercaptoethanol 
to thyroxine-inactivated enzyme partially restores the activity, although the thiols 
do not activate the enzyme itself. Our evidence indicates that thyroxine or an air- 
oxidized derivative thereof has not ‘‘oxidized’’ the enzyme sulfhydryl]; nor does thy- 
roxine abolish the nitroprusside reaction displayed by a concentrated solution of the 
crystallized enzyme. In all the concentrations observed, inhibition by thyroxine 
has been of the ‘“‘uncompetitive,’’ parallel type. The subject and its relation to the 
sulfhydryl character of GAD will be treated elsewhere. In all cases, sodium .L-thy- 
roxinate was dissolved directly into the buffer used. Plots of 1/Vo with respect to 
1/[DPN] in the presence of isophthalate or thyroxine with excess L-glutamate, and 
of 1/V, to 1/[DPNH] in the presence of either of these inhibitors in the reverse, re- 
ductive process with excess KGA and NH; do not display ‘“‘substrate-competitive”’ 
characteristics. 
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TABLE V the 
Change in Activity on Dialysis of GAD-Inhibitor Solutions 


Dialyses were carried out in 1.85 cm. diameter cellulose Visking tubing against - 
40 to 50 volumes of 0.05 m pyrophosphate buffer, pH 8.40, slowly stirred at room tem- 8 
perature. of 

Activityt after dialysis periods 
Inhibitor 

0 | 30 | 60 | 75 | 90 | 120 | 180 | 249 : 
M 1.6 
None 18 | 18 | 18 18 18 | 18 Fe: 

Thyroxine 6.7 X 10-¢ 12 12 
1.4 X 10-5 9 11 pow 

1.7 X 10-5 7| 5] 7 8 

2.0 X 10-5 5| 7 7 Thy 
3, 5-Diiodo-4-(4’-hydroxy- 2.0 X 10-5 5| 6 7 6 3,5: 

phenoxy)benzoate 5-B 
2,4,6-Triiodophenol 1.0 10-4 5 | 4 6 8 Tso} 
3,5-Diiodo-2-hydroxyben- 1.0 X 10~4 5| 7 9 12 Glu 

zoate L-G 
5-Bromofuroate 6.7 X 3} 7/11/13 | 14} 16 17 
Isophthalate 2.0 X 1073 4; 8 17 Pyt 

Pht 

* Concentration of inhibitor in assay solution. Pyr 


T Change in optical density X 10% at 340 my per 0.5 minute in glutamate oxidation Oxs 
under assay conditions as described under ‘‘Experimental.’’ Dialysis periods are 


given in minutes. No! 
(c 
5-B 
5 Iso) 
(SOPHTHAL ATE Glu 
20} 


NO 
40} I 


stu 

200 400 600 800 1000 

con 

Fic. 8. Inhibition by isophthalate and triiodophenol. Molar concentrations of ad 
inhibitor X 103: @ = zero; O = 0.033; @ = 0.067; A = 1.0; and A = 2.0. [S] de- 


notes molar concentrations of L-glutamate. 
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the speculation that, as a first approximation, the same enzymatic site 
occupied by substrate and the competitive inhibitors discussed above, e.g. 
glutarate, isophthalate, and 5-bromofuroate, is also occupied in the case 
of these inhibitors. 


TaBLE VI 
Inhibition of Reverse, Reductive Process 


Reactions carried out in 0.05 m pyrophosphate buffer, pH 8.40, with [DPNH] = 
1.6 X 10-4 m, [((NH,4)2SO,] = 0.075 m. Kg = 5.6 X 10-4. 


Inhibitor IN x 108 Per cent inhibition |*G/* concentra- 

M 
0.004 56 1.0 
3,5-Diiodo-2-hydroxybenzoate. ... 0.07 80 0.67 
5-Bromofuroate.................. 2.0 61 0.67 
Isophthalate. . erie). 3.0 52 0.67 
m-Bromobenzoate................ 6.7 15 1.0 
8.0 21 0.67 
Phthalate (0)............ 10.0 8 1.0 
Non-competitive inhibitors, Kr X 103 No. of experi- 

1.6 4 


* A series of experiments was carried out with this inhibitor under conditions 
similar to the above, with the exception that the buffer was 0.05 m tris(hydroxy- 
methyl)aminomethane, pH 8.40. Kg = 1.7 X 10-3. Inhibition was of the formally 
uncompetitive. 


Reverse Reaction: Reduction—Table VI outlines the results of inhibition 
studies for the reverse reaction. In general, compounds which inhibit the 
forward reaction are also inhibitors for the reverse process. The reversible 
inhibitors such as 5-bromofuroate, isophthalate, and glutarate are non- 
competitive under the conditions of the reverse reaction and less effective 
as inhibitors than in the forward reaction. Thyroxine and certain related 


compounds are effective inhibitors for both the forward and reverse proc- 
esses, 
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SUMMARY 


The control of activity of the L-glutamate dehydrogenase system, sche- 
matically represented by Equation 1, has been studied from the point of 
view of the action of several different categories of inhibitors, with respect 
both to the forward, oxidative and the reverse, reductive processes. Upon 
the GAD system, characteristic competitive inhibitors for the oxidation of 
p-amino acids by the D-amino acid oxidases such as crotonate, cinnamate, 
benzoate, and indolecarboxylates exhibit but little inhibitory action, con- 
firming fundamental differences in enzymatic mechanism. 

Glutarate and a-ketoglutarate are found to be powerful competitive in- 
hibitors, while fumarate, adipate, and succinate are much less effective. 
Stereochemical considerations permitted the prediction that isophthalate, 
m-halogeno-, and m-nitrobenzoates as well as 5-halogeno- and 5-nitro- 
furoates but not o- or p-substituted benzoates, might function as reversibly 
competitive inhibitors. Unequivocal observations of such effects were 
realized. The results have led to a clearer understanding of the structural 
requirements for substrate competition in the GAD system. These struc- 
tural requirements, and certain aspects of substrate-enzyme and inhibitor- 
enzyme stereochemical relationships and bonding, are treated from the 
point of view of the spatial position of the two carboxylate anions in per- 
tinent dicarboxylic acids, and the relationship of their structures to struc- 
tures of the effective m-substituted benzoates and 5-substituted furoates. 
Dipole moment and hydration effects as well as planarity of substrates and 
inhibitors are considered to be factors of importance. 

In general, compounds that inhibit the oxidation of L-glutamate are also 
inhibitors for the reverse, reductive process. However, kinetic analysis 
indicates that 5-bromofuroate, isophthalate, and glutarate are non-com- 
petitive under the experimental conditions for the reverse reaction. 

Thyroxine and certain related compounds are extremely effective in- 
hibitors for both the forward and reverse processes. While thyroxine and 
certain analogues are known to be effective competitive inhibitors for the 
D-amino acid oxidase system, they are observed under the experimental 
conditions used here to inactivate GAD in a somewhat “stoichiometric” 
manner. Evidence is found in reciprocal type kinetic plots that suggest 
“uncompetitive” action, in the linear titration of the enzyme with thy- 


roxine, and in dialysis experiments. Physiological significance of these. 


observations is not discussed, but metabolic and enzymatic investigations 
of an oxidative nature that employ L-glutamate as substrate in the pres- 
ence of thyroxine, etc., may require some evaluation in the light of these 
observations. 
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METABOLISM OF CHOLESTANOL* 


I. FATE OF CHOLESTANOL-4-C'* IN THE RAT 
Il. METABOLIC INTERRELATIONS OF CHOLESTANOL, EPICHOLES- 
TEROL, AND A‘-CHOLESTENONE 


By FRANKLIN M. HAROLD,f D. D. CHAPMAN, ano I. L. CHAIKOFF 


(From the Department of Physiology of the University of California 
School of Medicine, Berkeley, California) 


(Received for publication, April 20, 1956) 


Cholestanol (dihydrocholesterol) was discovered in feces by Windaus 
and Uibrig (1), and since then has been recognized as a ubiquitous com- 
panion of cholesterol in tissues such as liver (2) and in sclerotic arteries 
(2,3). Available information has given rise to the impression that choles- 
tanol is an end product of cholesterol metabolism and undergoes no further 
transformations (4). It is generally regarded as derived from cholesterol 
by reactions occurring in tissues and within the intestinal lumen (4, 5), but 
conclusive evidence for this conversion in animal tissues is lacking.! In- 
gested cholestanol has been considered non-absorbable (2), but its absorp- 
tion by the rat has been established (6-8). Cholestanol is eliminated from 
the body via feces, and reaches the intestine both with bile (2) and by 
secretion across the gut wall (2, 9). 

Nichols et al. (10) recently demonstrated that arteriosclerosis can be 
induced in birds by the prolonged feeding of a diet rich in cholestanol. 
This finding led us to reexamine the metabolism of cholestanol with the 
aid of C” 


EXPERIMENTAL 


Cholestanol-4-C'*—This substance was prepared by hydrogenation of 
cholesterol-4-C™ (11). We are indebted to Dr. W. G. Dauben for its syn- 
thesis. 

Since C" sterols may decompose on standing (12), the labeled cholestanol 
was purified before use. It was precipitated with digitonin, and the 
digitonide was then split with pyridine and ethyl ether (13). The ether 
solution was evaporated, and the cholestanol was isolated by chromatog- 
raphy on alumina. Radiochemical purity of the final product was estab- 


* Aided by a grant from the United States Public Health Service. 

t Predoctoral Fellow of the Life Insurance Medical Research Fund. 

' Attempts in this laboratory to demonstrate the formation of C!4-cholestanol from 
cholesterol-4-C™ in intact rats, perfused rat liver, and rat liver homogenates have 
not been successful. 
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lished by the following derivative technique: Carrier cholestanol was 
added to the sample of the C™ substance, and the specific activity of the 
mixture was determined. Part was then oxidized to cholestanone (14), 
and the rest was acetylated with pyridine and acetic anhydride. The cor- 
rected specific activities of the two derivatives, after several crystalliza- 
tions, were the same as that of the original mixture, thus demonstrating 
the purity of the C*-cholestanol. 

The synthesis and purification of the epicholesterol-4-C™“ and A‘-choles- 
tenone-4-C" were described previously (15, 16). 

Unlabeled Sterols—Commercial cholestanol was crystallized before use. 
Cholic, deoxycholic, and chenodeoxycholic acids were obtained as described 
previously (15). 

Analytical—Small aliquots of bile were mounted directly on aluminum 
planchets and counted with a Q gas counter. All counting was carried 
out to an accuracy of +5 per cent. Feces were exhaustively extracted 
with ethanol in a Soxhlet apparatus, and a small aliquot of the extract 
was used for C“ determination. In the case of tissues, C4 determinations 
were made after solvent fractionation, as noted below. 

Solvent fractionation was carried out on hydrolyzed bile and tissues as 
described earlier (15, 17). Generally, neutral sterols were extracted from 
the alkaline hydrolysate by shaking with hexane or ethyl ether. Subse- 
quently, the mixture was acidified, and acidic substances were obtained 
by extraction with ethyl ether. 

Chromatographic Separation of Bile Acids and Neutral Sterols—Small bile 
samples were chromatographed on filter paper as described previously 
(18), and radioautograms were prepared. The solvent used was collidine- 
H.O (100:35 by volume) in an ammonia atmosphere. 

Larger bile samples were chromatographed on hydrophobic Super-Cel 
columns as described by Bergstrém and Sjévall (19). 

Neutral sterols were separated on alumina columns by elution with 
gradually increasing concentrations of ethyl ether in hexane (16). 


Results 
I. Fate of Cholestanol-4-C™ in Rat 
Intact Rat Injected Intravenously with Cholestanol-4-C™ 
Female rats of the Long-Evans strain were used throughout. A rat was 


injected via the femoral vein with 1 mg. of labeled cholestanol emulsified 


in saline with Tween 20 (20). After 3 days, during which it was allowed 
access to food and water, the rat was killed and the distribution of C™ in 
organs and tissues was determined. 

In 67 hours, about 40 per cent of the injected C was eliminated with 
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the feces. Most of the remaining C™ was found in liver and intestine, al- 
though small amounts were also observed in other organs. The C™ found 
in feces and liver was fractionated into neutral and acidic fractions. Some 
60 per cent of the fecal C™ was in the acidic fraction, the remainder in the 
neutral fraction. Practically all of the liver C“ was in neutral sterols. 


Constituents of Neutral Sterol Fraction of Liver and Feces 


In order to identify the neutral C™ sterols in liver and feces, the neutral 
fraction was chromatographed on alumina columns. The results are pre- 


TABLE I 
C'4 Neutral Sterols Found in Liver, Bile, and Feces after Injection 
of Cholestanol-4-C'* into Intact and Bile-Cannulated Rats 


The neutral sterols extracted from liver and feces were chromatographed on alu- 
mina as described in the experimental section. 


Per cent neutral sterol C™ recovered 


cu Identity of .67 hrs. after afterinijection into 


Liver | Feces | Liver Bile Feces 


7% ethyl ether in I | Unknown (not| 0.8/ 2.5/| 10.0] 0 58 
hexane cholestanone) 
25% ethyl ether in II | Cholestanol 97.3 | 83.1 | 88.7 | 91.0 | 42 
hexane 
Methanol-ethyl ether- | III | Unknown 1.9 | 14.4} 1.3] 9.0 0 
hexane (10:60:30) 


* Solvents which failed to elute C'4 from the column are not recorded. 


sented in Table I. Three C" peaks were eluted from the columns in both 
cases. 
Too little C' was recovered in compounds of the first and third peaks 
to enable us to carry out studies in identification. 

Compound IT—Both cholesterol and cholestanol are eluted at this point. 
The Cin this fraction was shown to be primarily in cholestanol by the 
derivative technique described in the experimental section. 


Composition of Fecal Acidic Fraction 


Acidic substances comprised more than half of the fecal C“. Chroma- 
tography by the technique of Bergstrém and Sjévall (19) revealed the 
presence of several components. In view of the possibility that the acidic 
substances consisted of bile acids or their degradation products, the fate 
of cholestanol in bile-cannulated rats was studied. 
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Bile-Cannulated Rats Injected Intravenously with Cholestanol-4-C4 


Three rats provided with bile cannulas (21) were each injected intrave- 
nously with 1 mg. of labeled cholestanol, as described above. Bile was 
collected under toluene, at intervals, for 48 hours. 

In 48 hours, up to 32 per cent of the injected C™ was eliminated with 
the bile (Fig. 1).2 Solvent fractionation of the hydrolyzed bile showed 


T 


© Rat No.! 
4 Rat No.2 


Percent of Injected C'*Recovered in Bile 


n 


8 16 24 32 40 48 
Hours 

Fic. 1. Cumulative excretion of C™ in bile after injection of cholestanol-4-C" 
into rats provided with bile cannulas. The excretion curve for Rat 3 is not shown 
because it virtually coincides with that of Rat 2. 


that 10 to 20 per cent of the C™“ was in the neutral fraction; the rest was 
acidic in nature.* In that period, only 1 to 2 per cent of the injected C" 
was eliminated in the feces, all of it in the neutral fraction. 

Neutral Sterols—The neutral sterols of liver, bile, and feces were further 
separated on alumina columns. The results are summarized in Table I. 


2 Inspection of the cumulative plot of C4 excretion shows that the curve is clearly 
bimodal. This phenomenon was not confined to the present experiments with 
cholestanol, and was also observed (though less pronounced) in our previous work 
with epicholesterol (15) and A‘-cholestenone (16). 

$A small (10 per cent) residue of C™ was generally found in the aqueous phase 
after extraction. This was not further investigated. 
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Compound I—This minor product of cholestanol metabolism was thought 
to be cholestanone, on the basis of previous work (16). However, when 
carrier cholestanone was added and the mixture was converted to the 
tetrahydrocarbazole derivative (22), the latter was devoid of radioactivity. 
The identity of Compound I remains unknown. 


mit C.PM. 
0.3 73000 
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Fraction No. 


Fic. 2. C™ bile acids found in bile after the injection of cholestanol-4-C™ into 
rats provided with bile cannulas. A bile sample collected during the first 2 hours 
after the injection was hydrolyzed. The free bile acids were extracted with ethyl 
ether and separated by the system of Bergstrém and Sjévall (19). 


Compound II—To determine the extent of conversion of the cholestanol 
to cholesterol (8), carrier cholesterol was added to an aliquot obtained at 
this elution peak from a liver sample, and the dibromide was prepared as 
described by Schwenk and Werthessen (23). The initial specific activity 
of the sterol mixture was 1270 c.p.m. per mg. After single crystallizations, 
first from ethanol-H,O, then from acetone-H,.O, and finally from methanol, 
the specific activity of the dibromide was 24 c.p.m. per mg. corrected to 
cholesterol. Thus, a maximum of 1.9 per cent of the activity in the choles- 
terol-cholestanol fraction could have been in cholesterol. Since the count- 
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ing rate of the dibromide was close to that of background, no further 
crystallizations were undertaken. 

Carrier cholestanol was added to another aliquot of the same elution 
peak. The initial specific activity of the sterol mixture was 710 c.p.m. 
per mg. After chromic acid oxidation and three crystallizations of the 
resulting cholestanone, the specific activity of this derivative was found to 
be 710 c.p.m. per mg., clearly indicating that essentially all of the initial 
activity was present in cholestanol. 

Bile Acids—Bile samples were hydrolyzed, and the free bile acids were 
fractionated by the method of Bergstrém and Sjévall (19). Two C™ peaks 
will be noted (Fig. 2), the first corresponding in position to that of cholic 
acid and the second to chenodeoxycholic acid. However, when carrier 
cholic acid was added to an aliquot of the first peak and the mixture was 
crystallized several times, the product was not radioactive. Thus, the C¥ 
substance in this peak was not cholic acid. The amount of C™ in the 
second peak was too small to permit us to carry out a similar analysis. In 
contrast to our previous experience with cholesterol-4-C™ (18), analysis of 
bile samples collected at various times after injection of the C"-cholestanol 
revealed no striking differences in composition between early and late sam- 
ples. 


Intact Rats Fed Cholestanol-4-C* 
In a recent publication (8), Gould stated that, after C-cholestanol is 


fed to rats, C is present in tissue cholesterol. Since in our experiments © 


injected cholestanol did not undergo this conversion to an appreciable 
extent, we therefore studied the fate of ingested cholestanol. 

Two rats were intubated with 1 and 1.5 mg. of cholestanol-4-C™ dis- 
solved in Wesson oil. 24 hours later the rats were killed, and their livers 
and intestines were excised. These tissues were hydrolyzed, and the ster- 
ols were isolated as described in the experimental section. The results 
obtained with the two rats were essentially the same, and those for one 
rat are recorded in Table II. 

About 7 per cent of the C fed was recovered in the liver, all of it in the 
neutral sterol fraction, which was submitted to chromatography as de- 
scribed above. Except for traces, all of the C was recovered in the frac- 
tion eluted with 25 per cent ethyl ether in hexane. Both cholesterol and 
cholestanol were eluted in this fraction. | 

In order to determine whether C“ had been incorporated into cholesterol, 
an aliquot of the C™“ eluted by the 25 per cent ethyl ether in hexane was 
mixed with 100 mg. of cholesterol and a trace of carrier cholestanol. The 
specific activity of the mixed sterols was 325 c.p.m. permg. The mixture 
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was then converted to the dibromide (23). After three crystallizations, 
the specific activity of the dibromide was 30 c.p.m. per mg., corrected to 
cholesterol (Table II). Again, no further crystallizations were undertaken 


TaBLeE II 
Identification of C'* Sterol Found in Liver and Intestine 
of Rat Fed Cholestanol-4-C' 


A rat was intubated with 1.5 mg. of cholestanol-4-C™ (1.8 X 10% c.p.m.) in 0.20 
ml. of Wesson oil. After 24 hours the rat was killed, the liver and intestine (washed 
free of contents) were hydrolyzed, and the neutral sterol fractions were isolated. 


Further treatment of, | Initial | Derivative | | 
per cent ethyl ether activity prepa 
lization 
C.p.m. c.p.m. 
per mg. per mg. 
Neutral liver | To 32,500 ec.p.m. | 325 | Cholesterol 30 9 
sterol fraction eluted from col- dibro- 
(147,000 umn with 25% mide 
¢.p.m.) chro- ethyl ether in 
matographed hexane added 100 
on alumina; mg. unlabeled 
130,000 ¢.p.m. cholesterol 
eluted with | To 32,500 c.p.m.}| 325 | Cholesta- 315 97 
25% ethyl eluted from col- none tet- 
ether in hex- umn with 25% rahydro- 
ane ethyl ether in carbazole 
hexane added 
100 mg. unla- 
beled cholesta- 
nol 
Neutral intes- | To 75,000 e.p.m. | 750 | Cholesterol 40 5 
tine _ sterol eluted from col- dibro- 
fraction umn with 25% mide 
(315,000 ethyl ether in 
¢.p.m.) chro- hexane added 
matographed 100 mg. unla- 
on alumina; beled cholesterol 
300,000 c.p.m. | To 75,000 c.p.m. | 750 | Cholesta- 770 100 
eluted with eluted from col- none tet- 
25% ethyl umn with 25% rahydro- 
ether in hex- ethyl ether in carbazole 
ane hexane added 
100 mg. unla- 
beled cholesta- 
nol 
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because the specific activity, already less than 10 per cent of the initia] 
value, was of questionable significance. 

Carrier cholestanol was added to another aliquot, and the specific actiy- 
ity of the mixture was determined to be 325 c.p.m. permg. A derivative 
of cholestanol was then prepared by oxidizing the mixture to cholestanone, 
and the latter was further converted to its tetrahydrocarbazole (22). Af.- 
ter several crystallizations, the derivative was found to have a specific 
activity of 315 c.p.m. per mg., corrected to cholesterol. Thus, the C¥ 
sterol in question is clearly cholestanol, within the range of counting error. 

The results obtained with intestinal tissue were entirely analogous to 
those for liver (Table II). Thus, in these rats which were fed the trace 
levels of cholestanol, there was no extensive conversion of the absorbed 
and stored sterol to cholesterol. 


DISCUSSION 


When cholestanol-4-C™ was injected into rats provided with bile can- 
nulas, all the acidic metabolites were recovered in bile. The chromato- 
graphic behavior of these biliary products indicates that cholestanol under- 
goes degradation to bile acids, the structures of which may be similar to, 
but not identical with, those of the major bile acids of mes rat (taurocholie 
and acids). 

In the conversion of cholesterol to bile acids, saturation of the double 
bond takes place in such a way as to produce hydroxylated cholanic acids 
(taurocholic and taurochenodeoxycholic acids). If the conversion of cho- 
lestanol to bile acids proceeds by analogous steps, the resulting bile acids 
might be expected to be derivatives of allocholanic acid. 

We have been unable to demonstrate a significant conversion of C™- 
cholesterol to cholestanol.! However, if such a conversion does occur in 
tissues, the present studies reveal the existence of a new, though quite 
minor, pathway for the degradation of cholesterol, proceeding via choles- 
tanol to the unidentified bile acids described here. There can be no doubt 
that the major pathway of cholesterol catabolism is that leading to tauro- 
cholic and taurochenodeoxycholic acids (18, 24) rather than one proceeding 
via cholestanol. 


IT. Concerning Metabolic Interrelation of Cholestanol, Epicholesterol, 
and A‘-Cholestenone 


Previous studies from this and other laboratories have demonstrated 


that epicholesterol (15) and A‘-cholestenone (16, 25, 26) are readily con- 
verted to cholestanol by the intact rat. The latter transformation was 
also demonstrated in liver homogenates, and evidence for cholestanone as 
an intermediate was presented (16). However, the major end products 
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of the metabolism of A‘-cholestenone and epicholesterol were found to be 
bile acids. ‘These observations suggested the possibility that the bile acids 
derived from epicholesterol, A‘-cholestenone, and cholestanol might be 


BILE CHROMATO; RADIOAUTOGRAPHS OF UNHYDROLYZED 
GRAM SPRAYED] BILE COLLECTED FROM RATS INJECTED 
WITH SbCl WITH RING LABELED 
COMPOUND ON 3 

SPRAYED Re 


CHROMATOGRAM 


EPICHOLEST-i44-CHOLEST- |CHOLESTAN- 
EROL ENONE OL 


TAUROCHE NO - 


TAUROCHOLIC ACID 
COMPOUND Yy 059 
044 
039 
Ori 


Fic. 3. Chromatographic comparison of the bile acids derived from epicholesterol- 
4-C, A*-cholestenone-4-C™, and cholestanol-4-C'. Solvent, collidine-water. 


identical. The following experiments, though admittedly not absolute 
proof, lend support to this idea. 

Aliquots of whole bile samples collected from rats injected with either 
epicholesterol-4-C", A‘-cholestenone-4-C™, or cholestanol-4-C™ were chro- 
matographed on filter paper with collidine-water. Other aliquots of these 
three bile samples were hydrolyzed, and the free, trihydroxy, C™ bile acids 
were isolated by the technique of Bergstrém and Sjévall (19); the trihy- 
droxy bile acids were then submitted to paper chromatography. Radio- 


j 
iy _ | 
[- | 
14 
| 
| | 
ts 
¥ | 
| 
$ | 
| 4 
f 
| 


618 METABOLISM OF CHOLESTANOL 


autograms of the activity present were compared with the color bands 
developed when the chromatograms were sprayed with SbCl;. The results 
of the whole bile analyses are shown in Fig. 3. Although the positions of 
the radioactive bands of the conjugated trihydroxy bile acids coincided 
with each other, they did not coincide with the position of the color band 
for taurocholic acid in the same chromatogram. The three radioactive 
trihydroxy bile acid bands obtained from the rats injected with epicholes- 
terol-4-C'*, A‘-cholestenone-4-C", and cholestanol-4-C™ also had identical 


TABLE III 


C4 Neutral Sterols Found after Incubation of Epicholesterol-4-C™ 
with Fortified Liver Homogenates 


1 mg. of C'4-epicholesterol (emulsified in 1 ml. of saline with Tween 20) was in- 
cubated with 10 ml. of liver homogenate, 1 ml. of 8 X 10~ M adenosine triphosphate, 
and 1 ml. of 1.5 X 10-2 m diphosphopyridine nucleotide. The neutral sterols were 
isolated from the hydrolyzed incubation mixture by solvent extraction and sepa- 
rated on alumina columns. 


| Per cent neutral F Per cent C¥ of 
| 
3% ethyl ether in hexane | I 18.5 Cholestanone 
25% “ III 58.5 Cholestanol 54t 
Methanol-ethyl ether-hex- lV 11.6 Unknown 
ane (10:50:40) | | 


* Solvents which failed to elute C4 from the column are not recorded. 

t 59 per cent of the C'* in peak I was present in cholestanone. 

t The remaining C" in this fraction is not precipitated with digitonin. Since 
epicholesterol is also eluted at this point, the C’* no doubt consists of epicholesterol. 


Ry, values, but their position did not coincide exactly with that of the color 
bands for cholic acid. 

It is clear that at least the major C" bile acids derived from epicholes- 
terol, A‘-cholestenone, and cholestanol exhibit identical chromatographic 
behavior, both as taurine (?) conjugates and in the free state after hydroly- 
sis. Analogous results were obtained with two other solvent systems: 
butanol saturated with water in an ammonia atmosphere, and hexanol- 
n-butylamine-water (100:45:16). This finding strongly suggests that the 
bile acids derived from the three sterols are identical, and it may be pro- 
posed that cholestanol is the direct precursor of the C™ bile acids formed 
from epicholesterol and A‘-cholestenone. 

In order to obtain further support for this view, we have studied the 
conversion of epicholesterol to cholestanol in liver homogenates. Epicho- 
lesterol-4-C™ was incubated with liver homogenates as described previously 
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(16). The neutral sterols were isolated by solvent extraction and sepa- 
rated on alumina columns by chromatography (Table III). Among the 
products, cholestanone, A‘-cholestenone, and cholestanol were identified by 
the technique described previously (16). These results, in conjunction 
with the previously established conversion of A‘-cholestenone and choles- 
tanone to cholestanol, suggest that epicholesterol is converted to choles- 
tanol via these intermediate compounds. 

The preceding observations may be summarized in the tentative scheme 
shown in Fig. 4, representing the metabolic interrelation of the neutral 
sterols studied. The existence of alternate pathways is not excluded. 


Epicholesterol esterol 
~ ? 
a4 -cholestenone 


? 


Cholestanone 
Taurocholic acid, 


Cholestanol Taurochenodeoxycholic 
Unidentified acid, and Compound Y 


trinydroxy and 
dihydroxy bile acids. 

Fic. 4. A tentative scheme for metabolic interrelations of the sterols studied 
A‘-Cholestenone may be an artifact derived from A*-cholestenone by isomerization 
due to filtration through alumina (27). The latter may thus be the true intermediate 
in the proposed sequence. 


SUMMARY 


1. Cholestanol-4-C™ injected intravenously into the intact rat was rap- 
idly eliminated via the feces (about 40 per cent in 67 hours). Of the fecal 
C, approximately 40 per cent was in the form of neutral sterols; the rest 
was present in a number of acidic substances. The neutral sterol C%, in 
both liver and feces, consisted primarily of cholestanol, accompanied by 
small amounts of unidentified substances. 

2. When cholestanol was injected intravenously into rats provided with 
bile cannulas, about 30 per cent of the injected C“ was recovered in the 
bile in 48 hours. In that period, only 1 to 2 per cent was recovered in the 
feces. Most of the biliary C“ was in the form of bile acids. At least two 
bile acids were detected, resembling cholic and chenodeoxycholic acids in 
chromatographic properties, but not identical with them. Among the 
neutral sterols, cholestanol was again the major component, especially in 
liver and bile. Not more than 2 per cent of the C™ found in the fraction 
containing both cholestanol and cholesterol could have been present in 
cholesterol. 
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3. When rats were intubated with C-cholestanol, about 7 per cent of 
the C“ was recovered in the liver in 24 hours. Well over 90 per cent of 
the liver C was recovered as cholestanol, and conversion of the C* to 
cholesterol, if it occurred, was below the limits of our measurements. 

4. The chromatographic behavior of the bile acids derived from epicho- 

lesterol, A‘-cholestenone, and cholestanol, both free and conjugated, is 
identical, suggesting that all three sterols are degraded to the same bile 
acids. 
5. Evidence is presented which indicates that the conversion of epicho- 
lesterol to cholestanol proceeds via A‘-cholestenone and cholestanone. A 
tentative metabolic scheme showing the interrelations of epicholesterol, 
A‘-cholestenone, and cholestanol is proposed. 
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ACID PHOSPHATASE 


VII. YEAST PHOSPHOMONOESTERASE; ISOLATION PROCEDURE 
AND STABILITY CHARACTERISTICS* 


By K. K. TSUBOI, G. WIENER, anp PERRY B. HUDSON 


(From the Departments of Biochemistry and Urology, Francis Delafield 
Hospital, and the Institute of Cancer Research, College of Physicians 
and Surgeons, Columbia University, New York, New York) 


(Received for publication, May 18, 1956) 


In spite of a voluminous literature devoted to the investigation of acid 
phosphatases, only a few of the enzymes within this group have been pre- 
pared in a significantly purified state. The present report is concerned 
with a description of appropriate procedures for the isolation in apparently 
almost pure form of a phosphomonoesterase from fresh bakers’ yeast. 
Evidence will also be submitted in regard to the relative purity of the iso- 
lated product. Finally, investigations concerning the stability charac- 
teristics of the enzyme will also be included as a part of the present report. 

The kinetic properties of the yeast phosphomonoesterase were previously 
described (1) as a part of a comparative study carried out with highly 
purified human erythrocyte phosphomonoesterase (2). 


EXPERIMENTAL 
Materials and Methods 


Enzyme Source—Fresh bakers’ yeast purchased commercially (Fleisch- 
mann Company and National Yeast Corporation) served as the enzyme 
source. 

Substrate—The a-glycerophosphate was found to be the most readily 
hydrolyzed of numerous phosphoryl monoesters tested (1), and served 
exclusively as the substrate in these investigations. Preparation of this 
substrate was accomplished according to published procedures (3), yielding 
a product essentially free from the 8 isomer after a single recrystallization 
from dilute ethanol solution. 

Enzyme Assays—Optimal conditions for enzyme assay were based on 
previous studies (1) concerning the kinetic properties of the enzyme. En- 
zyme dilutions were routinely made in Versenate and surface-active agents 
(1). Reaction mixtures contained appropriately diluted enzyme, sub- 
strate (0.1 m at pH 6.5), Mg++ (0.02 m for maximal activation (1)), and 
Versenate (0.001 m, necessary for consistent maximal enzyme activation; 


* Supported in part by a grant from the Damon Runyon Memorial Fund for Cancer 
Research, Inc. 
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see below), all in a 0.5 ml. reaction volume. No additional buffer wag 
usually added since the substrate is an excellent buffer at this pH. In 
those studies in which buffer was added, tris (hydroxymethyl) amino- 
methane (Tris)-acetate was used. Larger reaction volumes were avoided 
in order to maintain maximal substrate concentrations, while minimal 
amounts of the glycerophosphate were used (excessive substrate interferes 
with the phosphate determination (4)). Owing to the relatively low en- 
zyme-substrate affinity (3), relatively high concentrations of substrate 
were required for maximal activity. The reaction rate was found to be 
constant over a prolonged incubation period; however, for assay purposes 
the reaction time was usually limited to 15 minutes. The reactions were 
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Fig. 1. Reaction rate as a function of enzyme concentration (A) and reaction time 
(B). Enzyme diluted in 0.1 per cent Triton X-100 alone, or with Versenate also 
present where indicated. The reaction mixture contained diluted enzyme at desig- 
nated volumes, substrate (0.1 mM a-glycerophosphate, pH 6.5), Mg** where indicated, 
and Versenate (Vers.) where indicated, all in 0.5 ml. of reaction volume. The re- 
action time was 15 minutes for the results shown in A. 


stopped by the addition of 4.5 ml. of 0.6 N H,SO,, and inorganic phos- 
phorus was usually determined directly on these solutions by the method 
of Fiske and Subbarow (5). Information concerning the reliability of the 
assay procedure is summarized in Fig. 1. 

Estimation of Protein—Protein was estimated by micro-Kjeldahl nitro- 
gen (6) and tyrosine measurements with the phenol reagent (7). Estima- 
tion of protein was also carried out by ultraviolet absorption. 

Enzyme Unit—A unit of enzyme will be defined as that amount which 
liberates 1 mmole of inorganic phosphorus per hour at 37° from a-glycero- 
phosphate under the specified assay conditions. 

Buffers—Tris buffers alone or in combination with acetate were used. 
Buffers were prepared by adjusting Tris or Tris-acetate (equimolar Tris 
and acetic acid) solutions to appropriate pH with mineral acid or alkali 
(HCl, NaOH). 
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RESULTS AND DISCUSSION 
Enzyme Isolation Procedure 


Enzyme Extraction from Yeast—Enzyme extraction from dried yeast 
was accomplished by the use of glycerol by Schaffner and Bauer (8) in 
their early studies. It was our experience that dried yeast served as a 
poor source of the enzyme. Enzyme extraction from fresh yeast was 
most readily accomplished in the presence of toluene. The most suitable 
extraction conditions are indicated from the results summarized in Fig. 2. 
Maximal extraction was found in autolysates properly fortified with suffi- 


TOLUENE*+HCO3 
TOLUENE ONL’ 


PROTE 
75} ENZYME 
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EXTRACTION (%OF MAX) 


ENZYM 


| 2 3 4 
EXTRACTION TIME (HRS) 


Fic. 2. Enzyme extraction from fresh brewers’ yeast. Duplicate extractions 
were carried out by using 10 gm. of fresh yeast, 2.0 ml. of toluene, 5.0 ml. of water, 
and sodium bicarbonate (0.5 gm.) only where designated. After designated extrac- 
tion periods, 1.0 ml. aliquots of the autolysates were removed and filtered after di- 
lution with 5 volumes of water. The resulting filtrates were analyzed for protein 
and enzyme. 


cient alkali (or buffer) to maintain the pH at slightly alkaline levels (7.5 
to 8.0). In the absence of the added neutralizing agent, little enzyme was 
found in the autolysate, presumably owing, for the most part, to inactiva- 
tion as a result of the unfavorable pH (see below). Maximal enzyme 
extraction required an autolysis of 3 to 4 hours at 37°. Bakers’ yeast 
from the National Yeast Corporation contained roughly twice the level 
of extractable enzyme of that obtained from the Fleischmann Company. 
The routine extraction procedure with 4 pound batches of yeast follows. 
The results of five separate extractions have been summarized in Table I 
(Step A). 

Into a 4 liter container were crumbled 4 pounds of yeast, to which were 
added 350 ml. of toluene, 1000 ml. of water, and 130 gm. of sodium bi- 
carbonate. The beaker was immersed into a water bath at 37° and the 
contents were slowly stirred. After a 4 hour extraction period at 37°, 
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water was added to fill the 4 liter container, and the contents were filtered 
through Biichner funnels with a large diameter, previously prepared with 
Celite. Aliquots of the clear filtrate were tested for enzyme and nitrogen, 

Concentration of Enzyme with Ammonium Sulfate, and Subsequent Dialy- 
sts—A quantitative removal of enzyme from the filtered autolysate was 


TaBLeE I 
Enzyme Purification Protocol (4 Pound Batch of Yeast) 


Step* Fraction Volume Proteint activity§| Per cent 


A | Original extract | (2500 (101 ,000 (10,000 (0.091-0.12) 


2920 110,000 12,300 0.11 
B | Ammonium sul- | 1500 (38 ,000 (9,000 0.21-0.36 | (91-105) 


fate and dialy- -52,000)| -13,500) 

sis 46 ,000 12,200 0.27 100 
C | Dissolved alco- 400 2,560 4,600 1.8-2.5 (46-64) 

hol fraction -3 , 250 -7 ,200 

3,100 6 ,600 2.13 54 

D | Ammonium sul- 

fate product 

Freshly dis- 137 4,300 31 29 

solved fraction 

Assayed 24 137 2,800 20 

hrs. later 

After dialysis 137 1,100 8.0 


* Steps A through C were carried out on five consecutive 4 pound batches of yeast 
with the extremes and average values recorded. Step D summarizes the results on 
the best preparation only. 

t Protein was estimated on the basis of nitrogen on initial and final fractions; 
otherwise, ultraviolet absorption or tyrosine served as the basis. 

t Unit of enzyme refers to millimoles of P liberated per hour under specified as- 
say conditions. 

§ Specific activity, millimoles of P liberated per hour per mg. of protein. 


achieved by the addition of ammonium sulfate in excess of 400 gm. per 
liter of solution. The precipitated enzyme was collected most conveniently 
on a large Biichner funnel, or could be stored under ammonium sulfate 
if necessary. 

Enzyme solutions were stable to dialysis, provided that the pH was 
maintained between 6.5 and 8.5 and magnesium was present (Fig. 3). 
Cellophane tubing (Visking Corporation) was thoroughly washed and 
allowed to soak in Versenate solutions prior to use (contaminating metals 
were found to be present in the commercial product (9)). 
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The routine precipitation with ammonium sulfate and dialysis procedure 
follows. The results to this point, obtained from five separate autolysates 
from 4 pound batches of yeast, have been tabulated in Table I (Step B). 
.. To the clear filtered autolysate were added 400 gm. of ammonium sulfate 
per liter of solution. Upon solution of the salt, the resulting enzyme 
suspension was filtered through a Biichner funnel with suction overnight 
in a refrigerator. The precipitate was dissolved to a minimal volume in 
0.1 m Tris buffer at pH 8.0 containing 0.01 m Mg** and dialyzed for 24 
hours against several changes of 0.01 m Tris buffer, pH 8.0, containing 


00 F - ~ 
¢ 
$75} 75} 
= 50 
F 0.01IM Mg** 
= | '8 HRS DIALYSIS 
60 70 80 90 
oH (DIALYSIS MIXTURE) ETHANOL CONC. (v/v) 
Fic. 3 Fia. 4 


Fic. 3. Effect of pH and Mg** on enzyme stability during dialysis. Dialysis 
carried out in washed membranes (see the text) against dilute (0.01 m) Tris-acetate 
buffers. 

Fic. 4. Relationship between ethanol concentration and solubility of enzyme 
relative to total protein. Into a series of tubes containing equivalent amounts of 
enzyme solution (at 0°, and buffered at pH 7.5 in 0.1 m Tris and containing 0.025 m 
Mg**) was added cold ethanol (—20°) to designated concentrations. The resulting 
sediments were separated by centrifugation (—5°) and the supernatant liquor follow- 
ing appropriate dilution was tested for enzyme activity and protein concentration. 


0.01 m Mg** (in a refrigerator with stirring). The dialyzed enzyme solu- 
tion was assayed for enzyme and protein. Little or no loss of enzyme 
occurred during this entire procedure. 

Cold Ethanol Fractionation—The characteristics of solubility of the en- 
zyme in cold ethanol and acetone were investigated. Fractionations 
with acetone were discontinued in favor of ethanol, which proved superior. 
The solubility characteristics of the enzyme in relation to total protein in 
cold ethanol solutions are demonstrated in Fig. 4. From these prelim- 
inary results a good fractionation of the enzyme was indicated. Maximal 
stability of enzyme in ethanol solutions was found only in those solutions 
containing Mg++ and maintained at temperatures of 0° and below, and 
at pH levels between 7.0 and 8.5. 
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The routine ethanol fractionation procedure follows. The results ob- 
tained with five batches of enzyme prepared from 4 pound lots of yeast 
have been tabulated in Table I (Step C). An over-all 50 per cent recovery 
of enzyme and somewhat less than 20-fold purification were obtained at 
this point. 

The thoroughly dialyzed enzyme solution from 4 pounds of yeast, which 
resulted from the ammonium sulfate precipitation, was made to a volume 
of 1500 ml. in final 0.1 m Tris buffer at pH 7.5, containing 0.025 m Mgt, 
This mixture was divided in half and fractionated with ethanol in two 
batches. 

Each 750 ml. of buffered enzyme solution was transferred to 2 liter 
Erlenmeyer flasks, and the solution cooled to an ice slush in a —20° bath. 
To this were added 620 ml. of ethanol (measured at room temperature; 
45 per cent ethanol v/v), which were previously cooled to approximately 
—60° in an acetone-dry ice bath. The heavy precipitate was removed 
by centrifugation for 25 minutes at a temperature of —3°. The superna- 
tant liquor was collected in a 3 liter Erlenmeyer flask, and an addi- 
tional 1000 ml. of ethanol, measured at room temperature and previously 
cooled to approximately —60°, were added. The resulting precipitate 
was collected by centrifugation at —3° for 30 minutes and represents the 
enzyme fraction. The centrifuged precipitates were collected in a single 
tube and spread in a thin layer, and the excess ethanol was removed under 
reduced pressure (the tube was placed with silica gel into a desiccator which 
was connected to a vacuum pump). The resulting sediment (not taken 
to dryness) was dissolved in 0.1 m Tris, pH 8.0, containing 0.01 m Mg*. 
The denatured protein present was removed by centrifugation, and the 
resulting clear, light yellow solution was combined with a similar fraction 
prepared from the remaining half of the original batch to a total 400 ml. 
volume. To this solution were added 185 gm. of ammonium sulfate to 
precipitate the enzyme. The enzyme was usually stored in this form for 
varying periods of time prior to further purification. 

Ammonium Sulfate Fractionations—Further purification leading to the 
final product was accomplished by repeated ammonium sulfate fractiona- 
tion. Further attempts at purification of the final product by the use of 
various adsorbents, selective denaturation, and foaming techniques (10) 
were unsuccessful. Enzyme activity of the preparation became increas- 
ingly erratic with continued purification with ammonium sulfate. The 
erratic activity could not be attributed to possible deficiencies in the assay 
procedure, which was thoroughly investigated, but appeared to reflect true 
reversible alterations in the enzyme, leading to greater or lesser catalytic 
capacity. Purification of the enzyme during the final stages was followed 
by ultracentrifugation (Fig. 5). 
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The final purification steps by ammonium sulfate are summarized in 
Table I (Step D). 

All fractionations were carried out at near 0° with approximately 2 per 
cent initial protein solutions containing 0.1 m Tris, pH 8.0, containing 0.01 


A 


Fic. 5. Sedimentation pattern of A, less pure; and B, the final purified product. 
Sedimentation patterns were obtained on enzyme solutions at 1 per cent concentra- 
tion dialyzed against 0.1 m NaCl. The sedimentation was carried out at 59,890 
r.p.m. in the analytical rotor No. A61 with the Spinco model E ultracentrifuge, and 
at an average temperature of 26.5° (A) and 22.2° (B). The photographs shown were 
obtained after 65 minutes. 


M Mgt+. Fractionation was accomplished by successive addition of solid 
ammonium sulfate and removal of precipitates by centrifugation. The 
fractionation procedure was repeated as many times as necessary to obtain 
fractions of constant specific activity (usually four to five times). The 
fractions obtained with 31 to 35 gm. of ammonium sulfate per 100 ml. of 
original enzyme solution were usually successively retained for refraction- 
ation. The final preparations so obtained were stored as precipitates in 
ammonium sulfate at —20°. 
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Fic. 6. Upper; electrophoretic pattern (descending) of a 1 per cent enzyme solu- 


tion in Veronal buffer at pH 8.5 (containing 0.001 m Mg**), ionic strength 0.10. The’ 


field strength was 11.4 volts per cm.; time of run, 3850 seconds. Calculated mobili- 
ties from descending boundaries were —5.0, —4.1, —3.0, and —1.7 & 10-5 cm.? volt 
sec.-!. Lower; electrophoretic pattern of enzyme on paper. The pattern was ob- 
tained with 20 ul. of a1 per cent solution of enzyme. The time of the run was 16 hours 
at 4-5° with 0.1 m Veronal buffer at pH 8.5, containing 0.001 m Mgt+ and a current of 
5 ma. 
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Freshly dissolved ammonium sulfate precipitates were usually the most 
active; on standing, or after dialysis, lower activities resulted. ‘Temporary 
reactivation usually resulted upon refractionation with ammonium sulfate. 
The best preparation obtained after repeated salt fractionation showed 
an initial specific activity of 31, which fell to 20 after 24 hours and to 8 
after dialysis (Table I, Step D). No further decrease in activity occurred 
upon prolonged storage of the dialyzed preparation. All attempts to 
crystallize the enzyme were unsuccessful. 


Relative Enzyme Purity 


The most active preparation showed a turnover number (7.e., moles of 
substrate hydrolyzed per minute per 100,000 gm. of protein) of approxi- 
mately 50,000 with the standard assay procedure, suggesting a high order 
of purification. The relative purity of the better preparations was in- 
vestigated by ultracentrifugal and electrophoretic analyses. 

Ultracentrifuge Studies—Examination of preparations by ultracentrifuga- 
tion during the course of final purification revealed the presence of a major 
slower moving and a minor faster moving component (Fig. 5, A). Fur- 
ther purification of these preparations with ammonium sulfate resulted 
in an almost complete elimination of the faster moving contaminant (Fig. 
5, B, most highly purified preparation), leaving an apparently homogeneous 
product. Calculation of the sedimentation constant of the enzyme, ap- 
proximated to standard conditions (7.e., in water at 20°) in the customary 
way (11), gave a value of 1.4 Svedberg units (1S = 1 X 10-"* c.g.s. units). 
From the estimated sedimentation constant, it is apparent that the en- 
zyme is either grossly asymmetric in shape or is a very small molecule 
(within the lowest molecular weight group of known enzymes). Further 
experiments relating to the molecular weight were not performed in view 
of the subsequent evidence for the heterogeneity of the preparation. 

Electrophoretic Analysis—Examination of the purified enzyme prepara- 
tion was carried out in a Perkin-Elmer electrophoresis apparatus as well as 
on paper (Spinco model R instrument). Electrophoretic separations 
by either procedure resulted in patterns of qualitative similarity (compare 
Fig. 6, upper and lower sections). At least four electrophoretically dis- 
tinguishable components could be identified from the patterns obtained 
by either procedure. Prolonged electrolysis resulted in the appearance 
of perhaps an additional component (not shown). 

The presence of such a number of components was wholly unexpected. 
Further examination of the components as separated on paper disclosed, 
however, that each contained enzymatic activity (Table II). Recovery 
of initial activity from the paper was unfortunately far from quantitative, 
thereby preventing an accurate evaluation of the specific activities of the 
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various components. In view of the apparent homogeneity of the prepa- 
ration by sedimentation analyses and the observed catalytic capacity of 
the various electrophoretic fractions, it was assumed that the components 
separated by electrophoresis were either the result of alterations induced 
by the electrolytic procedure (e.g., a breakdown of enzyme molecule into 
a number of catalytically active fragments, dissociation of enzyme-enzyme 
complexes, etc.) or separate enzymatically active molecular species (ex- 
isting initially within the yeast or subsequently induced as a consequence 
of the isolation procedure) of similar sedimentation characteristics but 
differing in charge properties. The presence of a heterogeneous population 
of catalytically active molecules would find support from solubility meas- 
urements (not shown) and denaturation studies (see below). The pre- 


TaBLeE II | 
Distribution of Enzymatic Activity Following Electrophoretic Separation on Paper 
Component No.* Per cent initial activity recovered 
1 6.5 
2 18.0 
3 6.5 
4 6.0 
1-4 37.0 


* Enzyme distribution was determined on a duplicate paper strip (Fig. 6, lower 
section). The paper was cut at the positions indicated. Each strip was separately 
eluted in 5.0 ml. of 0.02 per cent Triton X-100 containing 0.001 m Versenate (3 hours 
at 0°). The eluates were tested directly for enzyme. 


viously mentioned erratic catalytic capacity of the enzyme preparation 
is presumably related in some manner to the electrophoretic observations. 
Large scale isolation of the various enzymatically active electrophoretic 
components for purposes of further examination with respect to specific 
properties could not, unfortunately, be carried out at this time. 


Stability Characteristics of Purified Enzyme 


Enzyme Instability in Dilute Solution—As was previously demonstrated 
with other purified acid phosphatases (9, 12), preparations of purified 
yeast enzyme were found to be susceptible to ready inactivation in dilute 
solution. Two separate phenomena were identified, each contributing 
to the instability of the enzyme. Enzyme inactivation in dilute solution 
was found to be due to surface forces and trace quantities of heavy metal 
contaminants. These conclusions are clearly illustrated from the results 
summarized in Fig. 7. Enzyme inactivation invariably resulted in the 
absence of added metal-binding (Versenate) and surface-active agent (Tri- 
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ton X-100, an alkyl aryl polyether alcohol, Rohm and Haas Company; 
Tween 80, polyoxyethylene sorbitan monooleate, Atlas Powder Company). 
Simple dilution of enzyme in the absence of metal-binding agent resulted 
in inactivation which could not be fully reversed by the subsequent addi- 
tion of Versenate (dilution presumably results in a dissociation and re- 
arrangement of bound metal leading to inactivation which can be pre- 
vented, but not completely reversed, by Versenate). Maximal enzyme 
activity, therefore, required that all dilutions and assays be made in the 
presence of appropriate surface-active and metal-binding agents. 
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Fic. 7. Enzyme inactivation during dilution and assay and protection by surface- 
active and metal-binding agents. Curves 1 and 2, enzyme diluted and assayed with 
Triton X-100 or Tween 80 plus Versenate. Curve 3, diluted and assayed with Tri- 
ton X-100 (no Versenate). Curve 4, diluted and assayed with Versenate only (no 
Triton X-100). Curve 5, diluted in water only; however, assayed with Versenate 
present. Curve 6, diluted and assayed in the absence of both Versenate and Triton 
X-100._ The Versenate was at final 0.001 m and the surface-active agents at 0.005 per 
cent when used. The reaction mixtures also contained substrate at 0.1 m, Mg** at 
0.02 m, and 0.22 y of enzyme protein per ml. of reaction volume. 


Enzyme Inactivation by Surface Forces—The effect of surface forces on 
enzyme stability was investigated by using standardized shaking tech- 
niques as follows. 

All shakings were carried out by using a mechanical wrist action de- 
vice (Burrell Corporation) at maximal amplitude. Enzyme solutions to 
be shaken were initially at 10.0 ml. in 50 ml. volumetric flasks. The 
flasks were shaken either at room temperature or immersed in an ice water 
bath. After specified periods of shaking, 0.1 ml. aliquots of the solutions 
were removed and, after appropriate dilution (in surface-active agent, 
Triton X-100), were assayed for residual activity. 

Various aspects of the surface inactivation characteristics of the puri- 
fied enzyme were investigated. The results of experiments dealing with 
the inactivation kinetics have been summarized in Figs. 8 and 9. From 
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either plot, it can be seen that an initial rapid inactivation of enzyme oe- 
curs with shaking, followed by a slower, constant inactivation rate which 
is characteristically first order in nature. The break in the slopes of the 
straight lines was interpreted as the result of a heterogeneous enzyme 
population containing molecules of different susceptibility to surface 
forces. This conclusion is supported by data obtained from experiments 
involving electrophoresis as well as from thermal denaturation experi- 
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Fic. 8. Surface inactivation rate as a function of enzyme concentration. Shak- 
ing mixtures contained enzyme in 0.0001 m Mg**, 0.05 m Tris at pH 8.0, and 0.0025 
M Versenate. The control series was prepared in an identical manner, containing, 
in addition, 0.05 per cent Triton X-100. For details concerning the standard 
shaking procedure, see the text. 

Fic. 9. Surface inactivation rate and the influence of magnesium ion concentra- 
tion and temperature. Shaking mixtures contained 80 y of protein per ml., desig- 
nated amounts of Mgt, 0.05 m Tris buffer at pH 8.0, and 0.0001 m Versenate. The 
control series was prepared in an identical manner, containing, in addition, 0.05 per 
cent Triton X-100. 


30 


ments (see below). The addition of small amounts of non-ionic surface- 
active agent to the mixtures results in complete protection of the enzyme 
against inactivation. 

The results of an experiment demonstrating the relationship between 
surface inactivation rate and relative enzyme concentration are summar- 
izedin Fig. 8. At the lower enzyme levels tested, the rate of inactivation 
approximately parallels the inverse of the protein concentration; as the 
enzyme concentration is raised, the available surface area becomes in- 
creasingly limiting and a proportionate decrease in the rate of inactiva- 
tion results. No detectable inactivation occurred in duplicate shaking 
mixtures containing Triton X-100. 
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The results of experiments demonstrating the influence of temperature 
and magnesium ions on the surface inactivation rate of the enzyme are 
summarized in Fig. 9. Curves 1 and 4 show the relative rates of inactiva- 
tion at O° and 27° in the presence of high magnesium concentration 
(approximately 10-fold difference in rates). Curves 2, 3, and 4 show 
comparative rates of inactivation at 27° over a range of magnesium con- 
centrations. In contrast to the stabilizing action of magnesium against 
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Fic. 10. Thermal stability as a function of pH in the presence and absence of 
magnesium ion. Enzyme solutions (0.1 mg. of protein per ml.) were heated in the 
presence of 0.05 m Tris-acetate buffers at appropriate pH levels, 0.02 per cent Triton 
X-100, 0.0005 m Versenate, and 0.01 m Mg** where indicated. The residual activity 
was determined after appropriate dilution and 15 minute standing at room tempera- 
ture. 

Fic. 11. Enzyme denaturation rate as a function of pH and the protective in- 
fluence of magnesium ion. Heating mixtures contained enzyme (0.1 mg. of protein 
per ml.), 0.05 m Tris-acetate buffers, 0.02 per cent Triton X-100, 0.0005 m Versenate, 
and 0.01 « Mgt* where indicated. Residual activity was determined on aliquots 
after specified periods of heating and after standing at room temperature for 15 
minutes. 


thermal denaturation of the enzyme (see below), an increased suscepti- 
bility toward surface inactivation results in the presence of this ion. Ques- 
tions relating to temperature effects on the surface inactivation rate have 
been previously discussed (12). The increased susceptibility of enzyme to 
surface inactivation in the presence of magnesium ion remains to be inter- 
preted. 

Thermal Stability Characteristics—In contrast to an acidic pH optimum 
(at pH 6.5) for catalytic activity (1), maximal thermal stability of the 
enzyme was observed at a rather alkaline pH. In Fig. 10 are summarized 
the results of an experiment demonstrating the effect of pH on the thermal 
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stability of the enzyme. Maximal enzyme stability was found at pH 8 
to 8.5 with magnesium added and centered at around pH 8.0 in the ab- 
sence of the metal, following a 1 hour heating period at 50°. The pro- 
tective influence of magnesium was exerted over the entire pH range in- 
vestigated; however, the extent of protection varied with the pH. These 
results were considered indicative of a differential protection by the metal, 
presumably on more than one catalytically active molecular species. These 
conclusions would find support from kinetic data on the denaturation 
process. 

The complexity of the denaturation picture presented by the enzyme 
preparation is indicated in Fig. 11. An initial rapid denaturation occurs 
by heating, followed either by no further inactivation (at pH 8.0, 8.5 with 
magnesium, and pH 8.5 without the metal) or by a continued inactivation 
at a slower, characteristically first order rate (at all other pH levels shown), 
These results are again indicative of the presence in the preparations of a 
mixed enzyme population with certain components which show greater 
or lesser susceptibility to heat. Although linear denaturation is implied 
over the first 30 minute heating interval, further examination of this region 
of the plot, in which shorter time intervals were used, showed a continu- 
ously changing slope, 7.e. a curve, to be the true picture. 

That a certain amount of reversible denaturation occurs could usually 
be demonstrated with the preparation. Where demonstrable maximal 
reversal occurred within 15 minutes at room temperature and usually 
amounted to 20 to 30 per cent of the initial activity. Attempts to sepa- 
rate enzymatically active components by differential heat denaturation 
were, in general, unsuccessful. Separation of the apparently stable com- 
ponent after heating gave a product which slowly deteriorated during 
storage in the refrigerator. Further examination of the problem was not 
attempted at this time. 


The authors are indebted to Dr. K. McCarty for the ultracentrifuge 
analyses, to Dr. H. De Roethe for numerous electrophoretic analyses, 
and to Dr. E. Osserman for the paper electrophoretic patterns. 


SUMMARY 


Appropriate procedures for the isolation of a phosphomonoesterase from 
fresh bakers’ yeast have been described. Attempts to obtain a crystalline 
product were unsuccessful. The isolated product appeared to be homo- 
geneous by ultracentrifugal analyses and gave an approximate sedimenta- 
tion constant of 1.4 (s2,~), suggesting a very small weight (or grossly 
asymmetric structure). Further examination of the material by electro- 
phoretic analyses revealed the presence of at least four distinguishable 
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components, each possessing catalytic properties. It was concluded that 
the isolated product contained a number of closely related catalytically 
active components which were either derived as a consequence of the 
purification procedure or exist as such within the yeast. Denaturation 
data from surface inactivation studies, as well as thermal effects, combine 
to support the existence of a heterogeneous enzyme population within 
the preparation. 
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THE LOW TEMPERATURE SPECTRA OF HEMOPROTEINS 
II. CYTOCHROMES OF HEART MUSCLE PREPARATIONS* 


By RONALD W. ESTABROOK anp BRUCE MACKLERf 


(From the Johnson Foundation for Medical Physics, University of Pennsylvania, 
Philadelphia, Pennsylvania, and the Institute for Enzyme Research, 
University of Wisconsin, Madison, Wisconsin) 


(Received for publication, June 13, 1956) 


The classical work of Keilin and Hartree (1), based primarily on micro- 
spectroscopic and enzymatic studies, has served as a foundation for our 
present understanding of terminal electron transport. The application of 
spectrophotometric techniques was generally limited to studies of soluble 
purified pigments such as cytochrome c, or of preparations treated with 
clarifying agents such as sodium cholate, until the development of rapid 
and sensitive spectrophotometric methods by Chance (2). By means of 
such techniques, which permit the measurement of small spectral changes 
in turbid solutions, Chance has been able to deal quantitatively with the 
functional relationships of the respiratory pigments. Recently the wave 
length-scanning spectrophotometer, devised by Chance and his coworkers 
(3-6), has been modified to permit the recording of spectra of samples 
cooled to low temperature (7), simulating the technique first applied by 
Keilin and Hartree to the microspectroscope (8). Spectrophotometric 
studies at low temperatures make it possible to identify clearly those pig- 
ments of the respiratory chain which at room temperature are indistin- 
guishable one from another. This is best exemplified by the resolution of 
the absorption bands of cytochromes c, c,, and b. In addition, the visible 
absorption bands of hemoproteins are greatly intensified at low tempera- 
tures, permitting measurements of pigments which are of such low con- 
centration that they cannot be determined by measurement at room tem- 
perature. 

In addition to the recent advances in spectrophotometric techniques, the 
electron transfer systems have been isolated in highly active form. A par- 
ticulate enzyme (ETP) isolated by Green et al. (9) catalyzes the oxidation 
of succinate and reduced diphosphopyridine nucleotide (DPNH) by molec- 
ular oxygen without the addition of external cytochrome c. DPNH oxi- 
dase, a derivative form of ETP without succinoxidase activity, has been 


*This work was supported by grants from the National Heart Institute, Nos. 
RG-4128(C) and H-2154, and the United States Public Health Service. 

t This work was carried out during the tenure of an Established Investigatorship 
of the American Heart Association. Permanent address, Institute for Enzyme Re- 
search, University of Wisconsin, Madison, Wisconsin. 
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prepared in two forms (10, 11), one catalyzing the reaction without added 
cytochrome c (closed form) and the second needing added cytochrome ¢ 
for maximal activity (open form). Succinic dehydrogenase complex (SDC) 
prepared by Green eé al. (10) catalyzes the oxidation of succinate by cyto- 
chrome c and a number of other oxidizing agents. The present communi- 
cation describes the results of spectrophotometric studies at room tem- 
perature and at low temperature, of Keilin and Hartree heart muscle 
preparations, and of preparations of ETP, SDC, and DPNH oxidase. 
The enzymatic activities of the preparations studied are discussed in 
terms of the differences in the absorption spectra as determined for each 
type of preparation. 


Methods 


The rapid and sensitive wave length-scanning spectrophotometer has 
been modified to obtain low temperature spectra as previously described 
(7). Briefly, the method consists of dilution and reduction of the heari 
muscle homogenates with appropriate reagents, after which an equal vol- 
ume of glycerol is added. These samples, together with appropriate ref- 
erence samples, are cooled rapidly by being plunged in liquid air. The 
solidified contents of the cuvettes are permitted to devitrify, at which time 
the contents of both the sample and reference cuvette become turbid (Con- 
dition II).!_ The cuvettes are then recooled to — 190°, and the difference 
of optical density between the turbid sample and the turbid reference cell 
is automatically recorded. Since it is not necessary for the reference 
cuvette to contain any enzyme preparation (see below), the resulting spec- 
trum can be a measure of the “‘apparent absolute absorption spectrum” 
of the pigments present in the sample. The magnitude of the absorption 
bands may be determined from the ‘‘absorbancy or optical density incre- 
ment scale.”” The band of purified reduced cytochrome c, which at room 
temperature has a maximum at 550 muy, was used as the reference wave 
length for locating the absorption maxima of the pigments described be- 
low. 

Modified Keilin and Hartree heart muscle homogenates (12) were pre- 
pared as described by Slater (13) and Chance (2). Heart muscle prep- 
arations called SDC, ETP, and “‘open’”” DPNH oxidase (14) were kindly 
supplied by Dr. David E. Green of the University of Wisconsin. ‘‘Closed” 
DPNH oxidase preparations were prepared by methods previously de- 
scribed (14). 


1 The term “Condition II” implies the turbid state resulting upon devitrification 
of the precooled solvent mixture by warming to about —50°. After this state is at- 
tained, samples are recooled in liquid air to —190°, and the spectrum is recorded. 
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RESULTS AND DISCUSSION 


Difference Spectra at Room Temperature—The difference spectra (anaer- 
obic reduced minus oxidized), as recorded at room temperature for prep- 
arations of ‘“‘open”’ and “‘closed’”? DPNH oxidase and a Keilin and Hartree 
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Fia. 1. Difference spectra (reduced minus oxidized) at room temperature for the 
following: (1) Keilin and Hartree heart muscle preparation (solid line). The sam- 
ple and reference cuvettes each contained 0.5 ml. of the preparation (10.7 mg. of 
protein) and 1.5 ml. of 0.1 m phosphate buffer at pH. 74. 0.01 ml. of 1 m sodium suc- 
cinate was added to the sample cuvette, and the system was permitted to become 
anaerobic. (2) ‘‘Closed’? DPNH oxidase preparation (dotted line). The sample 
and reference cuvettes contained 0.5 ml. of preparation (3.1 mg. of protein) and 0.2 
ml. of 0.2 m phosphate buffer at pH 7.4 in a final volume of 2.0 ml. Sufficient solid 
DPNH was added to the sample cuvette to permit the system to become anaerobic. 
(3) “Open’? DPNH oxidase preparation (dashed line). The sample and reference 
cuvettes each contained 0.25 ml. of preparation (4.0 mg. of protein), 0.05 ml. of 0.1 
M cyanide, and 0.3 ml. of 0.1 m phosphate buffer at pH 7.4 in a final volume of 2.0 ml. 
Sufficient solid DPNH was added to the sample cuvette to reduce the pigments. © 
The optical density scale on the left refers to the Keilin and Hartree preparation, 
whereas that on the right is for the ‘‘open’”’ and ‘‘closed’’ DPNH oxidase prepara- 
tions. Optical depth of cuvette was 10 mm.; temperature, 22°. 


heart muscle preparation, are given in Fig. 1. The three preparations 
show similar absorption maxima at 605 my, demonstrating the presence of 
cytochromes a and a; in the preparations. The rather broad absorption 
bands extending from 550 to 565 my are different in shape and configura- 
tion for each of the preparations. These bands represent a summation of 
the a absorption bands of cytochromes c, c,, and b. In the Keilin and 
Hartree preparation the band of c plus c; dominates the absorption with 
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the band of cytochrome b appearing merely as a shoulder at about 564 my, 


The “closed” and ‘‘open’”” DPNH oxidase preparations show more clearly 
the band of cytochrome b and indicate a decreased content of either cyto- 
chrome c or c;. Indeed, previous attempts to determine cytochrome ¢ 
chemically in the DPNH oxidase preparations were not successful (14), 
The broad absorption bands, with maxima at about 520 my, represent a 
mixture of the 6-bands of cytochromes c, c, and b. 

Low Temperature Difference and Absolute Spectra—Fig. 2 shows the 
spectra obtained when a Keilin and Hartree heart muscle preparation is 
cooled in liquid air to — 190°. Two types of spectra are presented in Fig. 
2. One is a reduced minus oxidized difference spectrum, as obtained when 
the sample cuvette contains a mixture of the enzyme in which the pigments 
have been reduced and the reference cuvette contains a mixture of the 
enzyme in which the pigments are oxidized. The other is an ‘apparent 
absolute absorption spectrum” in which the contents of the sample cuvette 
are the same as that described for the difference spectrum, but the reference 
cuvette now contains only a mixture of glycerol and phosphate buffer; i.c., 
no enzyme preparation is present in the reference cuvette. Certain dif- 
ferences and similarities are obvious. Both types of spectra show the 
absorption bands of cytochromes a, b, and c. The ‘“‘apparent absolute 
absorption spectrum,” however, differs from the ‘“‘difference” spectrum in 
an increase in light absorption as shorter wave lengths are approached 
(this is represented by Curve AA in Fig. 2). This is presumed to be due 
to the difference in turbidity of the two cuvettes because of the absence of 
enzyme from the reference cuvette. When the concentration of a pigment 
is estimated by determining the maximal to minimal optical density dif- 
ference for a specific absorption band, it is necessary to correct for this 
non-specific increase in absorption observed with the ‘apparent absolute 
absorption spectrum.”’ Since it is often difficult to obtain material in the 
oxidized state, viz. bacteria and yeast, we have chosen to present most 
spectra as “‘apparent absolute absorption spectra.”’ 

Fig. 3 shows the ‘“‘apparent absolute absorption spectra” for the three 
types of preparations shown in Fig. 1. The pigments were reduced either 
by DPNH or by succinate in the presence of a respiratory inhibitor such 
as cyanide. The absorption maximum at about 601 muy, corresponding to 
cytochromes a and 43, is similar for the three preparations. The absorp- 
tion maxima at about 549, 554, and 560 muy, corresponding, respectively, to 
reduced cytochromes c, c;, and b, are clearly defined. The amount of 
cytochrome c, however, varies in each of the preparations; the “open” 
DPNH oxidase has very little cytochrome c, the “closed’”” DPNH oxidase 
has a greater amount, and the Keilin and Hartree preparation the largest 
amount. The failure of the “open” DPNH oxidase to operate maximally 
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with oxygen as terminal electron acceptor may be related to the low cyto- 
chrome c content of the preparation. The “open” DPNH oxidase contains 
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Fic. 2. Low temperature difference and ‘‘absolute”’ spectra of a Keilin and Har- 
tree heart muscle preparation. Curve A shows the “apparent absolute absorption 
spectrum.’”’ The sample cuvette contained a mixture of 0.2 ml. of heart muscle 
preparation, 0.2 ml. of 0.1 m phosphate buffer at pH 7.4, a few crystals of sodium di- 
thionite, and 0.4 ml. of glycerol. The reference cuvette contained a mixture of equal 
volumes of glycerol and phosphate buffer. Curve AA indicates the estimated in- 
crease in absorption due to unequal turbidity of the two cuvettes. Curve B is the 
reduced minus oxidized difference spectrum. The sample cuvette contained the 
same mixture as described above for the ‘‘absolute spectrum.’”’ The reference 
cuvette contained a mixture similar to that in the sample cuvette, but sodium dithi- 
onite was omitted. Analogous to the room temperature difference spectra, isosbestic 
points are considered to be at about 625 and 510 my, permitting one to estimate a 
base line, Curve BB. Optical depth of cuvettes was 1 mm.; effective band width 
was 0.6 my; temperature, —190°; Condition II. 


succinic dehydrogenase activity as described previously (14), and the pig- 
ments are therefore reducible by either succinate or DPNH. The §-bands 
may also be seen for each component. These 6-bands have maxima at 
529, 523, and 519 my for cytochromes b, c:, and c, respectively. The y- 
(Soret) bands, however, are not clearly defined by the low temperature 
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technique. It is possible to assign approximate wave lengths for the 
y-bands representing the various cytochromes. Those bands which haye 
maxima at about 444, 430, 420, and 415 my correspond to cytochromes 
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Fic. 3. Low temperature spectra of enzyme preparations. Curve A, “open” 
DPNH oxidase preparation. The cuvette contained a mixture of 0.2 ml. of prepara- 
tion (3.2 mg. of protein), 0.2 ml. of 0.1 m phosphate buffer at pH 7.4, 0.01 ml. of 0.1 
M cyanide, 0.01 ml. of 1 m succinate, and 0.4 ml. of glycerol. Curve B, “closed” 
DPNH oxidase preparation. The cuvette contained a mixture of 0.2 ml. of prepara- 
tion (5.5 mg. of protein), 0.2 ml. of 0.1 m phosphate buffer at pH 7.4, 0.01 ml. of 0.1™ 
cyanide, sufficient solid DPNH to reduce the pigments, and 0.4 ml. of glycerol. 
Curve C, Keilin and Hartree preparation. The sample cuvette contained a mixture 
of 0.2 ml. of enzyme, 0.3 ml. of 0.1 m phosphate buffer, pH 7.4, 0.01 ml. of 0.1 m cya- 
nide, 0.02 ml. of 1 m sodium succinate, and 0.5 ml. of glycerol. The reference cuvette 
contained a mixture of 50 per cent glycerol and 50 per cent 0.1 m phosphate buffer, 
pH 7.4. Optical depth of cuvettes was 1 mm.; effective band width was 1 my; tem- 
perature, —190°; Condition II. 


a3, b, c;, and c, respectively. Since the a-bands are most clearly resolved, 
the following discussion will place most emphasis on the nature of these 
bands, rather than the 6- or y-bands of the various cytochromes. The 
differences in cytochrome c content, however, may be seen by comparing 
the magnitude of the 519 and 415 my bands for the various preparations. 

The intensification of the absorption bands, as determined by comparing 
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the optical density difference between an absorption band maximum and a 
corresponding minimum of a reduced cytochrome, when the sample is at 
room temperature and at the temperature of liquid air, shows that the 
a-bands are magnified about fifteen times by treatment in liquid air. This 
intensification, as well as the resolution of the absorption bands, is the 
principal advantage of the low temperature technique for the recognition 
and characterization of hemoproteins. 

Keilin and Hartree (15) have shown by room temperature spectra the 
variability of the position of the a-band of cytochrome c in heart muscle 
extracts. They attribute the displacement of the absorption maximum of 
cytochrome c to the presence of the pigment, cytochrome c;. Reduced 
cytochrome c; was thus described as a pigment with an a-band maximum 
at 553 to 554 my, as observed in a cytochrome c-deficient heart muscle 
preparation. Keilin and Hartree also found that, when exogenous cyto- 
chrome c was added to a preparation deficient in cytochrome c, a band rep- 
resenting the summation of the bands of cytochrome c and c; was observed 
at about 552 my. Experiments similar to those of Keilin and Hartree 
have been carried out with the “open” DPNH oxidase preparation,? and 
the low temperature spectra of the samples were recorded (Fig. 4). The 
resolution of the absorption bands of a mixture of reduced cytochromes c 
and c, under such conditions is clearly demonstrated by the low tempera- 
ture spectra. It can be seen from these curves that, when cytochrome c 
is bound to particles, it retains the characteristic spectral maxima of cyto- 
chrome c and does not become incorporated as cytochrome c,;. The dif- 
ference between the two pigments, although they appear to possess similar 
prosthetic groups, is further exemplified by studies of their enzymatic 
function (16). The experiments present in Fig. 4 also indicate the rather 
high affinity of the preparation for exogenous cytochrome c. 

Low Temperature Spectra of Keilin and Hartree Preparations—The low 
temperature absolute spectra obtained when the Keilin and Hartree prep- 
aration is either oxidized or reduced with sodium succinate or sodium 
dithionite are shown in Fig. 5. The spectrum of the oxidized preparation 
shows the presence of a rather broad visible absorption band with a maxi- 
mum at about 530 my and indications of a second band with a maximum 
at about 595 mu. The Soret band of the oxidized cytochromes appears as 
a single broad band with a maximum located at about 412 my. In the 


* Exogenous cytochrome c was incorporated in the ‘‘open’?” DPNH oxidase prep- 
aration by adding 0.2 ml. of 2 X 10-* m cytochrome c to 10 ml. of DPNH oxidase prep- 
aration (11 mg. of protein per ml.). The mixture was centrifuged at 40,000 X g for 
20 minutes. The resulting precipitate was washed twice by resuspension and homog- 
enization in 5 per cent sucrose and subsequent centrifugation. The twice washed 
oe was finally suspended in 5 per cent sucrose, and the spectra were recorded 
as ribed. 
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Fic. 4. Low temperature spectra of ‘open’? DPNH oxidase with incorporated 
cytochrome c. Curve A, “‘open’”? DPNH oxidase. The cuvette contained a mixture 
of 0.3 ml. of enzyme preparation, 0.3 ml. of 0.1 m phosphate buffer, pH 7.4, 0.01 ml. 
of 1 m cyanide, and 0.6 ml. of glycerol. Curve B, ‘“‘open’? DPNH oxidase with bound 
cytochrome c. The cuvette contained a mixture similar to Curve A except for the 
substitution of the preparation treated with cytochrome c. Curve C, purified, re- 
duced cytochrome c. The cuvette contained a mixture of 0.1 ml. of 2 X 10~¢ m heart 
muscle cytochrome c, 0.4 ml. of 0.1 m phosphate buffer, pH 7.4, a few crystals of s0- 
dium dithionite, and 0.5 ml. of glycerol. The optical density increment was 0.01 
for Curves A and B and 0.1 for Curve C. The reference cuvette and other conditions 
are as described in Fig. 3. 
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succinate-reduced sample the absorption maxima for reduced cytochromes 
c, ¢;, b, and a are located as stated above at about 549, 554, 560, and 601 
my, respectively. Indeed, it is possible to differentiate between the two 
absorption bands of reduced cytochrome c with such preparations, 7.e. the 
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Fic. 5. Low temperature spectra of Keilin and Hartree heart muscle preparation 
Curve A, the cuvette contained a mixture of 0.2 ml. of enzyme preparation (4.3 mg 
of protein), 0.3 ml. of 0.1 m phosphate buffer at pH 7.4, and 0.5 ml. of glycerol. Curve 
B, the cuvette contained the same constituents as in Curve A in addition to 0.01 ml. 
of 0.1 m cyanide and 0.01 ml. of 1 mM succinate. Curve C, the cuvette contained the 
same constituents as in Curve A, but enough solid dithionite was added to reduce the 
pigments. The contents of the reference cuvette, and other experimental conditions, 
are as described in Fig. 3. 


bands c., and ca, with maxima at 549 and 546 my, respectively (7). When 
the preparation is reduced by sodium dithionite, however, the amount of 
absorption in the region 561 my is much greater than when the preparation 
is reduced enzymatically with succinate. This increase in the band at 561 
my also causes a slight shift of the band of cytochrome c, to about 555 mu. 
The increased absorption at about 560 to 565 my, when a chemical reduc- 
ing agent such as sodium dithionite is added to an enzymatically reduced 
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system, has been noted previously by Chance and Estabrook? with dif. 
ference spectra recorded at room temperature, indicating the complexity 
and possible heterogeneity of absorption pigments with maxima in the 
vicinity of cytochrome b. The #- and y-bands for the pigments of the 
Keilin and Hartree preparation are the same as those described above for 
the DPNH oxidase preparations. 

Chance (17) has shown that the cytochrome c content of Keilin and Har. 
tree preparations varies considerably from preparation to preparation. A 
comparison of the low temperature spectra of the Keilin and Hartree prep. 
arations presented in Figs. 2, 3, and 5 shows the variability of the cyto- 
chrome c content of such preparations. The reason for this variation in 
cytochrome c content cannot be explained in terms of differences in en- 
zymatic activity, for all the preparations have about the same succinoxi- 
dase activity in the absence of added cytochrome c. 

Low Temperature Spectra of SDC and ETP—The low temperature ab- 
solute spectra of ETP and SDC are presented in Fig. 6. As shown in 
Fig. 6, cytochrome c is present in the ETP preparation in somewhat larger 
amounts than in SDC, while cytochromes a and a; (601 and 444 my) are 
present in SDC in much lower amounts than in ETP or preparations of 
DPNH oxidase. The presence of the additional absorption in the region 
of 561 my is shown with the ETP preparation when such preparations are 
reduced by sodium dithionite rather than sodium succinate. This addi- 
tional absorption is presumed to be due to an inactive cytochrome b. It 
is of interest that preparations of DPNH oxidase do not show such a large 
increase in absorption at about 560 to 565 my when the spectra of the en- 
zymatically and chemically reduced samples are compared. 

The spectra presented have shown qualitatively that all the preparations 
studied have the same complement of cytochromes. The quantitative 
differences in the cytochrome content may be correlated to the differences 
in the enzymatic activity of the various preparations. The Keilin and 
Hartree preparation, which is capable of functioning as both a DPNH 
oxidase and succinoxidase, has cytochromes a, a3, b, c;, and c, as well as an 
additional pigment at about 561 my which is reduced by sodium dithionite 
but not sodium succinate (inactive cytochrome b).4 The “ closed’? DPNH 
oxidase, although lacking in succinoxidase activity, appears to have 4 
similar spectrum. The lower content of cytochrome c and the apparent 
absence of inactive cytochrome b‘ are points of difference. The “open” 
DPNH oxidase preparation is very low in cytochrome c, which may ex- 
plain the inability of the preparation to catalyze directly the oxidation of 
DPNH by oxygen. The “open” DPNH oxidase is similar spectrophoto- 
metrically to a preparation derived from lysis and salt extraction of liver 


Unpublished data. 
‘Or a denatured hemochromogen. 


lov 


cy 

S] 

of 

pl 

of 

m 

0. 

0. 

j 

t! 

0 

d 


R. W. ESTABROOK AND B. MACKLER 647 


mitochondria. The dependency of the respiratory system upon added 
cytochrome c can be demonstrated with both types of preparations. The 
low content of cytochromes a and a; in the SDC preparation indicates why 
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Fic. 6. Low temperature spectra of preparations of SDC and ETP. Curve A, 
SDC. The cuvette contained a mixture of 0.2 ml. of SDC (8 mg. of protein), 0.2 ml. 
of 0.1 m phosphate buffer at pH 7.4, sufficient solid sodium dithionite to reduce the 
pigments, and 0.4 ml. of glycerol. Curve B, ETP. The cuvette contained a mixture 
of 0.2 ml. of ETP (4.3 mg. of protein), 0.2 ml. of 0.1 Mm phosphate buffer, pH 7.4, 0.01 
ml. of 1 m succinate, and 0.4 ml. of glycerol. Curve C, ETP. The cuvette contained 
a mixture of 0.2 ml. of ETP (4.3 mg. of protein), 0.2 ml. of 0.1 m phosphate buffer at 
pH 7.4, sufficient solid sodium dithionite to reduce the pigments, and 0.4 ml. of glyc- 
erol. The optical density increment of the visible spectra was 0.04 for Curve A and 
0.02 for Curves B and C. The optical density increment for the Soret region was 
0.10 for all samples. The reference cuvette and other conditions are as described 
in Fig. 3. 


this preparation acts as a poor succinoxidase system even in the presence 
of exogenous cytochrome c. The ETP appears to be very similar spectrally 
to the Keilin and Hartree preparation, although it has been prepared by a 
different method of fractionation. 
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Al Heindel and the other members of the staff of the Institute for En. 
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enzyme preparations, and Dr. Otto Rosenthal, Department of Surgery, 
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SUMMARY 


1. The application of low temperature spectrophotometry to the resolu- 
tion of absorption bands of hemoproteins, the maxima of which cannot be 
distinguished at room temperature, has been illustrated by spectra of 
various heart muscle preparations. These preparations have been studied 
spectrophotometrically at both room temperature (23°) and at liquid air 
temperatures (— 190°). 

2. Cytochromes a, a3, b, c;, and c were shown to be present in all the 
preparations studied. 

3. The quantitative differences in the cytochrome content of the prep- 
arations explains in part the differences in enzymatic activity as described 
for the various preparations. 

4, The incorporation of exogenous cytochrome c by a preparation having 
a low endogenous concentration of this pigment indicates from the spectral 
studies that “‘bound”’ cytochrome c is not identical to cytochrome ¢. 
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Recent studies of carbohydrate metabolism have focused attention on 
the process of penetration of sugars into mammalian cells as a possible 
point of action of insulin (1). It would be of decided advantage in an 
investigation of this problem if one could work with a preparation con- 
sisting of single cells. A good deal is known about the penetration of 
sugars into erythrocytes (2), but so far an insulin effect on these cells has 
not been demonstrated. 

The Ehrlich ascites tumor cells, which possess a remarkable capacity 
for glycolysis and for survival under conditions in vitro, seemed to be an 
appropriate choice of experimental object. In this paper, experiments 
are reported which characterize the penetration of sugars into the tumor 
cells, and it may be anticipated here that every effort to show an effect 
of insulin on the sugar uptake of these cells failed. One might therefore 
ask what characteristics of permeability a cell must possess if it is to be 
influenced by insulin. Therefore, it is of importance to investigate not 
only cells such as muscle, which are known to be acted upon by insulin, 
but also cells which, like the tumor cells and leucocytes,! do not respond 
to insulin. It will be shown in this series of papers that there exist very 
striking differences in the sugar uptake of the tumor cells as compared to 
that of the muscle cells, which make it possible to give at least a partial 
answer to the question raised above. 


EXPERIMENTAL 


Cells—Ehrlich carcinoma ascites tumor cells were obtained from Dr. 
Paul C. Zamecnik and from Dr. Irving S. Johnson. The supply was main- 


*Supported by an Institutional Grant from the American Cancer Society to 
Washington University. 

A preliminary report of this paper was made at the 3rd International Congress of 
Biochemistry, Brussels, 1955. 
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tained by periodic intraperitoneal transfer of 0.2 ml. of ascitic fluid con- 
taining tumor cells into Swiss mice of the Jackson Laboratory strain, 
Cells were harvested after 5 to 9 days of intraperitoneal development and 
washed free of erythrocytes and ascitic fluid with ice-cold Krebs-Henseleit 
(3) bicarbonate buffer. Cell agglutination was prevented by the addition 
of heparin to the initial washing fluid. The final cell suspension was fil- 
tered through glass wool to remove debris and clumps. Cell concentration 
was determined by the measurement of packed cell volume (1100 xX 4g, 
15 minutes) as described by McKee e¢ al. (4). A conversion factor of 
4.2 X 105 cells per c.mm. of packed cell volume was used. 

Compounds—Phlorizin was generously contributed by Dr. T. P. Nash, 
Jr., 3-O-methyl-p-glucose by Ayerst, McKenna and Harrison, Ltd., and 
p-allose and 1,5-p-sorbitan by Dr. N. K. Richtmyer. p-Fructose, p-ga- 
lactose, D-xylose, D-lyxose, D-ribose, D-arabinose, L-arabinose, and L-sor- 
bose were obtained from the Pfanstiehl Chemical Company, 2-deoxy- 
D-glucose from the Aldrich Chemical Company, p-glucosamine and 
N-acetyl-p-glucosamine from the Nutritional Biochemicals Corporation, 
p-glucose from the Mallinckrodt Chemical Works, and p-gulose from Gen- 
eral Biochemicals, Inc. The following substances were further purified be- 
fore use. 3-Methylglucose was recrystallized from methanol after decolori- 
zation with Norit A and removal of glucose by fermentation with fresh 
yeast. Galactose was recrystallized from 80 per cent ethanol, phlorizin 
from water, fructose from methanol, 2-deoxyglucose from isopropanol, and 
ribose from ethanol. 

Methods—Variations of technique were required in order to satisfy the 
specific design of a given experiment, but in general the method was as 
follows. 

3.0 ml. of Krebs-Henseleit bicarbonate buffer, pH 7.4, 0.2 ml. of 0.25 
raffinose, the desired amount of a 0.25 m solution of the sugar to be stud- 
ied, and 0.9 per cent NaCl to make a final volume of 5.2 ml. were placed 
in a 15 ml. centrifuge tube. The tube and contents were brought to the 
desired temperature by incubation for 10 minutes. The experiment was 
then started by the addition of 2.0 ml. of a 20 to 30 per cent suspension 
of cells, also preincubated to insure temperature equilibrium. The con- 
tents of the tubes were mixed by stirring throughout the incubation. In 
experiments of short duration which required a more rapid mixing of the 
components, the sugar solution, increased in concentration to 0.5 M, was 
layered in the bottom of the 15 ml. centrifuge tube, the cell suspension 
was added, and, at the appropriate time, the layers were mixed by rapid 
stirring. ‘To terminate an incubation, the tubes were centrifuged at 1500 
X g for 7 minutes. In order to account in part at least for the continued 
exposure of the cells to the incubation medium during the early part of 
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the centrifugation, the centrifugations were begun 10 seconds prior to the 
recorded interval of time. 

After centrifugation, the supernatant liquids were decanted from the 
packed cell plugs and the tubes were thoroughly drained and their side 
walls wiped dry with absorbent tissue. A barium hydroxide-zinc sulfate 
filtrate (5) of the supernatant liquid was prepared. The packed cell mass 
was suspended in 4.0 ml. of 0.19 m ZnSO, and homogenized by alternate 
withdrawal into and ejection from a hypodermic syringe through a No. 18 
gauge needle. The suspensions were again homogenized after the addi- 
tion of 4.0 ml. of 0.3 n Ba(OH)s, and the protein-free solution was ob- 
tained by centrifugation. Aliquots of both filtrates were analyzed for 
the sugar under study. Galactose and other reducing sugars were as- 
sayed by the Somogyi (6) or Nelson (5) methods, raffinose and fructose by 
the ketose method of Roe e¢ al. (7), ribose by the Roe pentose method (8), 
and 1,5-sorbitan by a slight modification of the periodate method of Salo 
(9). Phlorizin was assayed by its absorption of light in the Beckman 
model DU spectrophotometer at a wave length of 285 my, corrected for 
the relatively small absorption contributed by the cells. The washed cells 
did not contain assayable amounts of reducing substances, nor did they 
contribute reducing substances to the medium in which they were incu- 
bated. 

Some experiments were carried out with p-galactose-1-C™. The radio- 
activity of the filtrates from these experiments was assayed by means of 
an end window counter on aliquots of the fluids dried on a hot plate in 
standard planchets. In all cases, sample counting was in a range 50 times 
greater than background. 

The volume of incubation medium entrapped in the interstices of the 
packed cell mass was calculated from the amount of raffinose found in 
the filtrate prepared from the packed cell mass. The amount of the sugar 
under study contained in this volume was then subtracted from the total 
found in the packed cell mass. The sugar present in excess was assumed 
to be intracellular, and its concentration per ml. of intracellular fluid was 
calculated? on the assumption that 80 per cent of the packed cell volume 
is water (4). The validity of this correction for entrapped medium can 
be assessed from the following information: The raffinose volume and the 
volume of distribution of thiosulfate are nearly identical. The raffinose 
correction accounts completely for the amount of sugar found in the packed 


? For example, in a typical experiment it was assumed that 0.5 ml. of packed cells 
contained a total of 0.4 ml. of water, part extracellular and part intracellular. The 
concentration of raffinose in the medium was 0.007 Mm. The amount of raffinose found 
in the packed cell mass was 0.56 umole, corresponding to a volume of medium of 0.08 
ml. The volume of intracellular water was thus 0.4 — 0.08 = 0.32 ml. 
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cell mass after a 15 second incubation at 0° (see below). The raffinose 
volume does not change throughout extended incubation at temperatures 
up to 20°. At higher temperatures, there is some increase in the raffinose 
volume during incubation which may be attributable to swelling of the 
cells and imperfect packing during centrifugation. ‘The raffinose volume 
is highly reproducible and is not appreciably influenced by centrifugation 
at higher forces (2000 X g) for a longer period of time (15 minutes). 


Results 


Reversible Penetration—Of the various compounds studied with respect 
to penetration into the ascites tumor cells, some compounds, namely raf- 
finose, phlorizin, and N-acetylglucosamine, did not penetrate into the cells, 
Of the remaining ones tested, 3-methylglucose, galactose, allose, 1 ,5-sorbi- 
tan, xylose, lyxose, glucosamine, 2-deoxyglucose, gulose, ribose, pD-arab- 
inose, L-arabinose, and L-sorbose penetrated the cells rapidly and, as none 
of them was dissimilated to an appreciable extent, they accumulated in 
the intracellular water. Glucose and fructose also penetrated the cells 
rapidly, but their utilization by the cells made the study of their accumu- 
lation within the cells difficult. ‘They are discussed separately later. 

For all the penetrating, non-metabolized compounds except ribose and 
p-arabinose, the rate of penetration at 37° was too rapid to be measured 
by the techniques used. Consequently, the majority of experiments were 
carried out with incubation temperatures in the range 10—25°. 

The ascites tumor cells do not possess a mechanism like that observed 
for amino acids (10) for the concentration of sugars in their intracellular 
water. Illustrative data for the ratio of distribution between medium and 
cells are shown in Table I. Equilibrium for penetration was attained 
when the water of the packed cell mass contained sugar, in this instance 
galactose, at the same concentration as the external medium. The speed 
of penetration is indicated by the fact that, at 37°, equilibrium was at- 
tained during 1 minute of incubation. 

The kinetics of penetration of sugars into the cells are shown in Fig. 1. 
At 20°, 3-methylglucose and L-sorbose attained equilibrium within 20 min- 
utes and ribose (point not shown) within 1 hour of incubation. Raffinose, 
on the other hand, did not penetrate the cells. The exit of sugars from 
the cells (Fig. 2) followed a pattern similar to that of entry. Xylose, the 
penetration of which is much more rapid than that of ribose (see below), 
likewise left the cells more rapidly than ribose. Although these results, 
in themselves, indicate that the processes of entry and exit have the char- 
acteristics of a single dynamic equilibrium, the point is most clearly estab- 
lished by the observation that galactose-1-C™ penetrated the cells rapidly 
when added after equilibrium had been attained with non-radioactive ga- 
lactose. 
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TaBLE I 
Distribution of Galactose between Medium and Cells 
Galactose concentration 
Temperature Time of incubation Ratio, cells to medium 
Medium Packed cell mass* 

°C min mole per |. mole per I. 

10 120 3.3 X 107? 3.1 X 107? 0.94 

14 66 3.2 X 107? 2.91 X 107? 0.91 

37 1 1.1 X 10° 1.08 X 107! 0.98 

37 15 1.2 X 10°! 1.34 X 10°! 1.12 

37 15 2.0 X 10-3 1.96 X 10-% 0.98 


* These values are the concentration in the total water of the packed cell mass. 
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Fic. 1. The penetration of various sugars at 20°. The concentration used was 
0.033 m for 3-methylglucose, L-sorbose, and ribose, and 0.007 for raffinose. All the 
points shown have been corrected for entrapped medium by the raffinose volume 
found after 15 seconds incubation at 0°. 


In attempts to influence the rate of penetration at a given temperature, 
it was found that the rate for 3-methylglucose remained unchanged in 
the presence or absence of oxygen, 5 per cent serum albumin, various 
aerobic substrates such as glutamate, or the hormone insulin. 

Influence of Temperature—Owing to its slow rate of penetration at con- 
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venient concentrations, ribose was chosen for a study over the temperature 
range 0-36° (see Fig. 3). Of particular interest is the fact that at 0° there 
is almost no penetration. All the compounds tested exhibited a similar 
slow rate of entry at 0°, and, because of this, the sugar present in the 
packed cell mass from an incubation of 15 seconds duration at 0° could 
be used as a measure of trapped medium. The volume thus measured 
agreed precisely with the raffinose volume. 
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MINUTES 
Fic. 2. The rate of exit of ribose and xylose from the ascites tumor cells at 20°. 
5 ml. of a cell suspension (28 per cent) were incubated 20 minutes at 35° with 1 ml. 
of 0.5 m xylose or ribose, and cooled to 20°. 1 ml. of the incubated cell suspension 
was mixed with 9 ml. of Krebs-Henseleit buffer and centrifuged at the stated 
interval after mixing. Assays were made of the sugar in the supernatant fluid. 


Temperature coefficients (Q1o0) were calculated from specific rate con- 
stants (see the next section). The results for ribose and for 3-methyl- 
glucose (Fig. 4) yielded a Q1o (20-30°) for the penetration process of 3.8 
and 4, respectively. The value for the Q1o increased to disproportionately 
high values at lower temperatures, suggestive of an alteration in the physi- 
cal properties of the cell membrane. 

Kinetics of Penetration—The shapes of the curves in Figs. 1 to 3 sug- 
gested that the kinetics of penetration might be those of a reversible first 
order process. Representative data are shown in Fig. 4, plotted against 
time in the form —In(1/(1 — FE)), in which FE is the fraction of equilib- 
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- various temperatures. FE = the fraction of equilibrium. Note the difference in 
the time scale for the two sugars. 
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rium. The straight lines connecting the experimental points for ribose 
did not intersect at the origin. This deviation could reflect as little as a 
5 per cent error in the measurement of the water content of the packed 
cell mass, and recalculation of the data on this assumption provided values 
which did extrapolate to the origin, without a significant change in the 
slopes of the lines. 

The slope (K, min.”’), multiplied by the substrate concentration (in 
moles per liter), was used as a measure of the initial rate of penetration. 


TaBLeE II 
Rate of Penetration of Various Sugars at 20° 
Sugar Concentration K Initial rate aa 
glucose 
mole per | min mole per 
3-Methylglucose......... 0.033 0.53 0.0175 1.0 
1,5-Sorbitan............. 0.0167 1.6 0.0267 1.5* 
Galactose............... 0.033 0.62 0.0202 1.17 
L-Arabinose............. 0.033 0.48 0.0158 0.91 
0.033 0.46 0.0152 0.87 
0.0167 0.34 0.0057 0.32* 
u-Sorbose............... 0.033 0.14 0.0046 0.26 
2-Deoxyglucose.......... 0.033 0.12 0.0040 0.23 
dw 0.0066 0.28 0.0019 0.22* 
Glucosamine............. 0.033 0.074 0.0024 0.14 
0.033 0.046 0.0015 0.09 
p-Arabinose............. 0.033 0.032 0.0011 0.06 


* Compared to the estimated K for 3-methylglucose at the same concentration. 


Owing to a large outside volume relative to cell volume, the substrate con- 
centration did not change significantly during incubation. 

First order rate constants and initial rates of penetration, in moles per 
liter per minute, were calculated for the other non-utilizable sugars from 
data similar to those in Fig. 1; these are listed in Table II. For the sake 
of comparison with other numerical values obtained with the Ehrlich ascites 
tumor cells, rates of penetration in Table II can be converted to the units, 
micromoles per 10? cells per hour, through multiplication by the factor 115. 
For example, the initial rate of penetration of 3-methylglucose (0.0175 X 
115) would be 2.01 umoles per 10’ cells per hour. 

3-Methylglucose has been used as the standard of comparison, and it 
may be seen that, at the particular concentrations and temperatures cho- 
sen, only 1,5-sorbitan and galactose penetrated more rapidly than 3-meth- 
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ylglucose. On the other hand, some sugars, particularly glucosamine, 
ribose, and D-arabinose, penetrated at a much slower rate. The specificity 
of the cell membrane of the ascites tumor cell does not appear to be in- 
fluenced in a predictable manner by configurational changes. The slower 
rates of penetration are, in general, exhibited by sugar molecules differing 


300 F 


be GALACTOSE : A= 10° - 
3-METHYLGLUCOSE : O=10°: @=15°: @ = 20° 


100 F “ 


25 50 75 100 125 150 
Fic. 5. The influence of concentration on the rate of penetration. The units for 
v are moles per liter per minute and for S, moles per liter. The duration of incuba- 
tion was as follows: 3-methylglucose at 10°, 2.5 minutes, at 15°, 0.5 minute, and at 
20°, 0.25 minute; galactose at 10°, 3 minutes. 


from glucose in configuration at carbon atom 2 or 3. A notable exception 
to this rule, however, is 3-methylglucose. 

Effect of Concentrattion—In order to find out whether the process of 
penetration approaches a maximal velocity, such as is characteristic of 
enzyme-catalyzed reactions, experiments were carried out with different 
concentrations of 3-methylglucose, galactose, ribose, and L-sorbose, and 
the results were plotted according to Lineweaver and Burk. These plots 
show (Figs. 5 and 6) that temperature has a remarkable effect. At 10°, 
slopes and ordinate intercepts were obtained from which apparent K,, 
values and maximal velocities could be calculated; these are listed in 
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Table III and would indicate that 3-methylglucose and galactose have 
relatively high “affinities’’ for the system, while ribose and L-sorbose ex- 


T T T 
5 L-SORBOSE: A= 10°; & =20° 
RIBOSE : O=10°: @= 25° 


L 
25 50 75 100 


Fia. 6. The influence of concentration on the rate of penetration of ribose and 
L-sorbose. The units for v are moles per liter per minute and for S, moles per liter. 


TaBLeE III 


Apparent K,, Values and Mazimal Rates of Penetration at 10° 
The following values were calculated from the experiments in Figs. 5 and 6. 


Sugar Maximal initial rate Apparent Km 
mole per 1. per min, | ole Der 100 cells mole per | 
3-Methylglucose............... 0.0036 0.41 0.0021 
0.0061 0.70 0.0055 


hibit low affinities. These differences disappear, however, at higher tem- 
peratures. In Fig. 5 at 20° the 1/v versus 1/S plot for 3-methylglucose 
passes through the origin, and this is also the case at 25° for ribose and 
L-sorbose (Fig. 6). Owing to the rapidity of penetration at the higher 
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temperatures, it is not possible to decide with certainty whether K,, be- 
comes very large or infinite. The existence of competitive inhibition of 
penetration between pairs of sugars (see below) gives some reality to the 
apparent K,, values. 

It is possible to look at these results in another way. The abnormally 
high temperature coefficients for the rate of penetration in the range 0—20° 
have been commented upon. The extrapolated maximal velocity for 
3-methylglucose (Fig. 5) is 10 times greater at 15° than at 10°. One would 
hesitate to attribute such temperature coefficients to enzyme-catalyzed 


TABLE IV 
Inhibition of Penetration 

Inhibitor sugar Test sugar enn oa 

mole per I. mole per l. min. °C. |per cent 
Glucose 0.007 3-Methylglucose 0.07 4 10 14 
" 0.007 " 0.017 4 10 41 
‘ 0.033 Ribose 0.033 4 25 88 
es 0.0033 ” 0.033 4 25 39 
“3 0.0167 L-Sorbose 0.0167 1 20 78 
sie 0.0033 0.0167 1 20 45 
3-Methylglucose 0.0167 " 0.0167 5 20 40 
0.0167 X ylose 0.0167 1 15 53 
3 0.033 Ribose 0.033 4 25 70 
Galactose 0.033 " 0.033 4 25 29 
L-Sorbose 0.033 " 0.033 2 25 0 
Ribose 0.033 L-Sorbose 0.033 2 25 0 
Xylose 0.0167 oy 0.0167 1 20 40 
L-Sorbose 0.0167 Xylose 0.0167 1 20 29 


reactions or to a “carrier” type of mechanism of sugar transport, but it 
would not be too difficult to imagine temperature effects of this magnitude 
if they involved the lipide-protein layers of the cell membrane. For ex- 
ample, such a membrane, with “pores’”’ of the dimensions of a sugar mole- 
cule, would be markedly influenced in its permeability by the degree of 
hydration it undergoes at different temperatures. It is not intended to 
offer further speculation about this problem at the present stage of our 
information. 

Competitive Inhibition—Although it was possible to obtain apparent 
K,, values at 10° (Table III), it was doubtful whether K,, values existed 
at temperatures of 20-25°. Most of the experiments on competitive in- 
hibition (Table IV) were carried out at the latter temperatures, but there 
was some resemblance to the K,, values at 10° in so far as the order of 
inhibitors was 3-methylglucose > galactose > ribose > L-sorbose. Glu- 
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cose (0.007 m), which inhibited the penetration of 3-methylglucose 
(0.0167 m) 40 per cent, was alsoa stronger inhibitor of ribose and L-sorbose 
than 3-methylglucose. When several molar ratios of inhibitor and test 
sugar were tried, the results were consistent with a competitive type of 
inhibition. The pair, xylose and L-sorbose, showed mutual inhibition of 
penetration at 20°, but there was no mutual inhibition when the pair, 
ribose and L-sorbose, was tested at 25°. It seems noteworthy that this 
system exhibits the properties associated with competitive inhibition. If 
this criterion were strictly applied, one would have to say that the path- 
way of penetration for all the hexoses and pentoses is the same. 
Inhibition by Phlorizin—Phlorizin did not penetrate into the cells. Nevy- 
ertheless, the presence of phlorizin in the external medium produced a 
significant reduction in the rate of penetration into the cells of all the 
sugars tested. The final equilibrium concentration of the penetrating 


TABLE V 
Inhibition of 38-Methylglucose Penetration by Phlorizin at 10° 


Rate, mole per I. per min. 
ae Time of incubation Inhibition 
Phlorizin (0.0007 m) 


mole per l. min. _ -f- per cent 
0.068 10 0.0015 0.0010 33 
0.034 5 0.0024 0.0014 42 
0.017 3.5 0.0026 0.0016 38 
0.0085 2.5 0.0028 0.0012 57 


sugar was not changed. In contrast to the mutual inhibition phenomenon 
described above for two penetrating sugars, the extent of inhibition by 
phlorizin appeared to be independent of the relative concentrations of the 
penetrating substance and inhibitor (Table V). 

Penetration of Rapidly Metabolized Sugars—TVhe relationship between 
penetration of the three fermentable hexoses, glucose, fructose, and man- 
nose, and their glycolytic breakdown will be described in a separate paper. 
Direct measurement of the penetration of these sugars is made difficult 
by their rapid utilization, which continues while the cells are being sep- 
arated from the medium by centrifugation. The effects of the post-incu- 
bation metabolism were minimized by dilution at the end of the experi- 


ments with 8 volumes of medium (containing all the components as used 


for the incubation) cooled to 0°, then by centrifugation at the same tem- 
perature and fixation with reagents cooled to 0°. When the penetration 
of fructose was measured, ribose in place of raffinose was used as an indi- 
cator of entrapped medium and was added with the cold diluting medium 
to minimize its penetration into the intracellular water. 
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At 37° glucose and fructose accumulated in the cells because penetration 
was more rapid than utilization, and consequently penetration was not a 
rate-limiting step at that temperature. In view of the abnormally large 
temperature coefficient for penetration found with these cells, it was possi- 
ble that penetration might become rate-limiting at lower temperatures. 

After incubation with glucose for 10 minutes at 30°, the internal con- 
centration was 85 per cent of the external medium concentration of 
0.045 m. At 10°, after 2 minutes of incubation, no intracellular glucose 
was found, but 31 per cent of the external concentration was found intra- 
cellularly when the incubation was continued for 10 minutes. The ac- 
cumulation of glucose in the cells indicates that the initial penetration rate 
exceeds the phosphorylation rate at both temperatures, but apparently by 
a greater margin at 30° than at 10°. The apparent K,, of glucose at 10°, 
calculated from its inhibition of 3-methylglucose penetration (Table IV), 
is 0.0007 mole per liter. 

By incubation of the Ehrlich cells at various temperatures with fructose 
the following information was obtained. No free intracellular fructose 
could be found after incubations at temperatures below 25°. At 30°, 
the intracellular fructose concentration rose in 5 minutes to 55 per cent of 
the external concentration of 0.088 m and remained at that level for 10 
minutes, although at lower external concentrations the relative internal 
fructose concentration decreased. In the presence of a concentration of 
phlorizin known to produce 40 per cent inhibition of 3-methylglucose 
penetration, no fructose could be found inside the cells at any temperature 
or duration of incubation. 

From these observations with glucose and fructose, it is reasonable to 
conclude that the internal concentration of a metabolizable sugar reflects 
a steady state between penetration and utilization. The effect of insulin 
on such a system should be detectable, if it were to accelerate a rate-lim- 
iting step; t.e., penetration in the case of fructose, utilization in the case 
of glucose. No such effect could be detected. In particular, addition 
of insulin (1 unit per ml.) failed to influence the net penetration rate of 
fructose at temperatures below 30° and the amount of free intracellular 
fructose at temperatures above 30°. Insulin did not cause a change in 
the extent of inhibition of fructose penetration by phlorizin. The proper- 
ties which a cell must possess in order to be influenced by insulin have not 
so far been defined and appear to be absent from the ascites tumor cell. 


SUMMARY 


1. The penetration of hexoses and pentoses into the Ehrlich ascites 
tumor cells is described by a reversible first order process, with an equilib- 
rium ratio of inside and outside concentrations of unity. The rate of 
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penetration of twelve different sugars varied over a 20-fold range, which 
indicates that the cell membrane exhibits configurational specificity. 

2. The rate of penetration is strongly influenced by temperature. Be- 
tween 20-30°, the temperature coefficient is about 4 and becomes pro- 
gressively larger as the temperature is dropped to 0°, at which temperature 
there is practically no penetration. Apparent Michaelis constants and 
extrapolated maximal velocities are demonstrable in measurements at 10°, 
whereas at 20-25° the ordinate intercept in a Lineweaver-Burk plot is 
close to the origin. 

3. Competitive inhibition occurs between pairs of sugars, the order of 
inhibitors being glucose > 3-methylglucose > xylose > galactose. Phlo- 
rizin, without being able to enter the cell, acts as a non-competitive in- 
hibitor of penetration. 

4. Under steady state conditions at 10—37°, the penetration of glucose 
is not rate-limiting for utilization, whereas that of fructose is rate- 
limiting at temperatures below 30°. Insulin fails to increase the pene- 
tration of fructose at any temperature and does not appear to have an 
effect on permeability in these cells. 
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STUDIES OF TISSUE PERMEABILITY 


II. THE DISTRIBUTION OF PENTOSES BETWEEN PLASMA 
AND MUSCLE* 


By ERNST HELMREICHf? anp CARL F. CORI 


(From the Department of Biological Chemistry, Washington University School 
of Medicine, St. Louis, Missourt) 


(Received for publication, July 23, 1956) 


While it is comparatively easy to deal experimentally with the perme- 
ability of single cell preparations (see Paper I (1)), it is much more difficult 
to analyze the penetration of sugars into the tissues of the living animal. 
The following major factors must be considered in the distribution of an 
intravenously administered, non-utilizable sugar in the body of a nephrec- 
tomized animal: (a) the rate of penetration through capillary walls; (b) the 
rate of distribution in extracellular fluid space; and (c) the rate of penetra- 
tion into different tissue cells. In general, as indicated by the initial rate 
of disappearance of the sugar from the blood, (a) is a rapid process. The 
rate of (b) will depend on the cross section of open capillaries, on blood 
pressure, and on rate of blood flow. Because of unequal rates of (c), dif- 
ferent tissues will attain a state of equilibrium at different rates. 

There are only a few instances in the literature in which the distribution 
of sugars between blood and tissues has been measured under controlled 
conditions. In view of the complexity of the situation, it may or may 
not be correct to draw conclusions from measurements in the blood alone 
as to how the distribution of sugars between blood and tissues is affected 
by various experimental procedures. Levine and Goldstein (2) reported 
that the injection of insulin or muscular stimulation in eviscerated nephrec- 
tomized animals caused a decrease in the blood level of certain non-utiliz- 
able sugars, owing to an accelerated rate of transfer from the extracellular 
to the intracellular compartment of muscle. The effect was regarded as 
specific, since the distribution of only those sugars appeared to be affected 
which had the same configuration on the first three carbon atoms as 
glucose. The further implication was that these sugars (p-galactose, L- 
arabinose, and p-xylose) served as models for glucose. 

It has since been shown that the effect described by Levine and Gold- 
stein is not specific for a particular configuration of the sugar molecule. 


* This work was supported by a grant from the Rockefeller Foundation. 

t Foreign Fellow from the University of Munich, Germany, sponsored by the 
National Academy of Sciences, jointly with the International Cooperation Adminis- 
tration, Washington, D. C. 
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Thus Park (3) reported, after both blood and tissue analyses, that the 
distribution of mannose and fructose was increased by injection of insulin. 
A similar result was obtained when the effect of muscular work or insulin 
on the distribution of the remaining pentoses of the p series (lyxose, arabi- 
nose, ribose) was examined (4). An attempt is made in this paper to 
appraise the significance of these observations. 


EXPERIMENTAL 


Most experiments were performed on non-fasted rats, 300 to 400 gm., 
nephrectomized by a dorsal approach under Amytal anesthesia. Sugars 
in 10 per cent solution were injected into a femoral vein, and unless other- 
wise stated the amount was 100 mg. per 100 gm. of body weight. Blood 
was withdrawn with a heparinized syringe from the vena cava and the 
plasma obtained by centrifugation. A protein-free filtrate was prepared 
by precipitating the plasma in a 1:20 dilution with barium hydroxide and 
zinc sulfate (5).! 

The gastrocnemius muscle was dissected free and cut at its insertion 
while being lifted by the achilles tendon, thus avoiding contamination with 
blood. After being weighed, the muscle was cut into small pieces in the 
glass container of a high speed homogenizer? and homogenized for 10 min- 
utes in 10 ml. of water. Barium hydroxide and zinc sulfate solution 
was added in amounts calculated to give a final dilution of muscle of 1:10, 
including the water content of muscle, which was assumed to be 76 per 
cent of the muscle weight. The mixture was homogenized for another 5 
minutes and filtered. ‘This procedure insured a complete extraction of 
the sugars. 

In some experiments the whole bodies of nephrectomized rats of about 
100 gm. of weight, were analyzed. After being cut into pieces, the tissues 
were first heated in water in order to facilitate passage through a meat 
grinder, which was fixed in an inclined position in order to avoid loss of 
fluid. The ground tissue was extracted with hot water by stirring for 
about 20 minutes; this was followed by three to four additional extractions. 
Between each extraction the residue was squeezed dry on a Biichner funnel. 
The combined extracts, about 1 liter, were measured, and an aliquot was 
deproteinized with barium and zinc, followed by centrifugation and filtra- 
tion. In the same group of experiments some rats, previously fasted for 
24 hours, were eviscerated prior to the injection of pentose. 

For stimulation of the gastrocnemius, needle electrodes connected with 


1 It was found that the barium-zinc precipitation caused an appreciable loss of 
inulin. In experiments with this carbohydrate, plasma was deproteinized by sul- 
furic acid and sodium tungstate. 

* VirTis 45, E. Machlett and Son, New York. 
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an electrodyne stimulator were inserted through the skin, and three supra- 
maximal stimuli per second were applied for from 30 minutes to 2 hours. 
The muscle lifted a weight of 75 gm. over a pulley during each contraction, 
and the excursion of the wheel served as a rough measure of the extent of 
contraction. In some experiments, both hind legs were stimulated by 
applying electrodes over the spinal cord. 

Diabetes was produced by injecting fasting rats either intravenously 
or intraperitoneally with freshly prepared 5 per cent solutions of alloxan. 
Only those animals which had a fasting blood sugar level of 300 mg. per 
cent or more 3 to 4 days after the injection were used for experiments. 
In experiments involving the injection of insulin, 1 to 2 units per 100 gm. 
were given intraperitoneally. 

The following technique permits the effect of temperature to be deter- 
mined in the living animal: One hind leg of the anesthetized, nephrec- 
tomized rat was wrapped up to the knee joint in a silver foil, the end of 
which was dipped in ice water. The temperature inside the cooled muscle 
was measured by two copper-constantan thermocouples, soldered into the 
top of a 20 gauge injection needle, one needle being inserted through the 
skin into the proximal and the other into the distal part of the muscle. A 
third thermocouple served to measure the temperature of the control mus- 
cle. The reference junctions were kept in ice water, and the thermocouples 
were connected through a three-way switch with a sensitive low resistance 
galvanometer. ‘Temperatures could be read to 0.1°. The rest of the ani- 
mal was covered, if necessary, and kept at a normal temperature which was 
controlled by rectal measurements. The temperature of the control mus- 
cle was close to 37° in all experiments. 

With the device described above, it is possible to cool one muscle to 
25° or below in about 10 minutes and to keep it at a given temperature, 
with minor fluctuations, for as long as 2 hours. Temperature adjustments 
are made by changing the extent of surface contact between the silver 
foil and the skin of the leg. If the end of the silver foil is dipped into a 
cooling mixture below 0°, the muscle can be cooled rapidly to temperatures 
below 15°, but this is not recommended because the blood flow through 
the cooled muscle is thereby markedly reduced. In order to determine 
the effectiveness of circulation, raffinose was injected and its concentration 
determined in the control and the cooled muscle (see below). 


Methods and Materials 


Pentoses were determined by the method of Roe and Rice (6), with 
standards prepared from the actual sugar under investigation. This 
method, in contrast to orcinol methods, gives no blank in blood and tissue 
extracts deproteinized with barium and zinc and is not interfered with 
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by hexoses, except when present in amounts exceeding that of the pentose, 
In some experiments, in which glucose was the interfering sugar, it was 
first removed by treatment with glucose oxidase (7) before the pentose 
method was applied. In experiments with galactose, reducing power was 
determined by the Nelson procedure (8) before and after treatment of 
the barium-zinc filtrate with glucose oxidase. In addition, a muscle which 
had been removed before the injection of galactose was analyzed for re- 
ducing substances after treatment with glucose oxidase. From these three 
determinations the amounts of galactose and glucose present could be 
calculated by difference. In some cases glucose, in the presence of other 
sugars, was determined by means of the hexokinase-glucose-6-phosphate 
dehydrogenase reaction. 

The extracellular space was measured by injection of raffinose, except 
in some preliminary experiments in which inulin or sucrose was used. 
The fructose in these carbohydrates was analyzed by the method of Roe 
et al. (9), with corresponding standards, 

3—Methylglucose was obtained from Ayerst, McKenna and Harrison, 
Ltd. All other sugars were products of the Pfanstiehl Chemical Com- 
pany, except glucose, analytical grade, which was obtained from the Mal- 
linckrodt Chemical Works. Glucose oxidase was obtained in the form 
of a powder from the Sigma Chemical Company. 

Calculations—The concentration of free sugar in mg. per 100 ml. of 
plasma water (C,) and per 100 ml. of total muscle water (C,) was calcu- 
lated by assuming a water content of 94 and 76 per cent of plasma and 
skeletal muscle, respectively. Concentration of sugar in mg. per 100 ml. 
of intracellular water of muscle (C,) was then calculated as follows. 


_ [Ce (Cy-E)} 
(1.0 — BE) 


E is the ratio of distribution of injected raffinose (C,;:C,) as a measure of 
the extracellular space of muscle (see below). ‘The calculation is analo- 
gous to that used for the concentration of a substance in the erythrocytes 
when hematocrit value and concentrations in whole blood and in plasma 
are known.® 


C; 


Results 


Determination of Extracellular Space—Knowledge of the amount of sugar 
present in the extracellular space is essential, if the intracellular distribu- 


? In order to avoid ambiguities, a numerical example is given for a value of E£ of 
0.2. From pentose as determined, 282 mg. per 100 ml. of plasma and 114 mg. per 10 
gm. of muscle, one calculates C, = 300 mg. per 100 ml., C; = 150 mg. per 100 ml, 
and C; = 112.5 mg. per 100 ml. For calculation according to weight, E has the value 
of 0.15 and the divisor is (0.76 — E), corresponding to an intracellular water content 
of 0.61 ml. per gm. of muscle. 
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tion of the sugar is to be determined. The intracellular distribution can 
be determined only relative to some reference substance which can be 
shown to remain extracellular under the experimental conditions employed. 

After trials with other substances, raffinose was chosen for the following 
reasons. As shown in Fig. 1, raffinose leaves the blood stream rapidly, 
and 20 minutes after injection reaches a plasma concentration which re- 
mains virtually constant for the next 2 hours, the period of time over 
which most experiments extended. Experimental procedures, such as 
stimulation of both hind legs or injection of insulin, which caused a de- 
crease in the plasma level of other sugars had no effect on that of raffinose. 


0 
| 
20} e @ D-RAFFINOSE 
D-XYLOSE 
5 60} - 
80} 
100 } 


MINUTES 20 40 60 60 100 120 140 160 180 
Fic. 1. Time-curve of distribution of p-raffinose and p-xylose in the body after 


injection of 100 mg. per 100 gm. The number of experiments are given in paren- 
theses. 


By contrast, it may be seen (Fig. 1) that p-xylose, after a rapid initial fall, 
shows a steady decrease in its plasma level which continues as long as the 
experiment lasts. It will be shown later that this decrease is made up of 
two components, slow penetration into the tissues and slow utilization. 

The concentrations of raffinose in plasma and muscle water were deter- 
mined in twelve separate experiments 2 hours after injection of 100 mg. 
per 100 gm. of nephrectomized rat. The average values and standard 
deviation were as follows: plasma, 564 + 2.8 mg. per 100 ml.; muscle, 
115 + 9.6 mg. per 100 ml. 

From these values a distribution of sugar between muscle and plasma 
((115/564) & 100) of 20 per cent was calculated which was assumed to 
represent the extracellular (raffinose) space in terms of the fluid volume 
of muscle. According to weight, the extracellular space of muscle would 
be 15 per cent, whereas 18 per cent, according to weight, would be the 
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distribution of raffinose in the body as a whole. The distribution of 
inulin in the body as a whole was about 10 per cent smaller than that of 
raffinose, and that of sucrose was a little larger. 

Raffinose also remained extracellular in a muscle which had been stimu- 
lated or subjected to the action of insulin. In a number of experiments, 
raffinose was injected with other sugars to serve as an internal standard 
for the extracellular space. 

Distribution between Plasma and Erythrocytes—Raffinose did not pene- 
trate the red cell membrane, whereas the pentoses penetrated slowly (Ta- 
ble I). When pentoses are determined in whole blood rather than in 
plasma, as was done by Levine and Goldstein (2), their rate of disappear- 
ance from the blood is underestimated, and in general values are obtained 
which are inaccurate for calculation of distribution between blood and 


TaBLeE I 
Distribution of Sugars between Plasma and Erythrocytes 


The amount of sugar injected was, in each case, 100 mg. per 100 gm. of nephrec- 
tomized rat. 


: Concentra- Concentra- | Distribution 
Sugar injected ton in plas Hematocrit exyth- 
min. mg. per cent | mg. per cent per cent mg. per cent per cent 
p-Xylose......... 40 294 196 41.7 57.5 20 
p-Arabinose...... 120 222 166 41.7 88 .0 40 
p-Xylose......... 180 174 140 41.7 93.5 54 
p-Raffinose....... 120 532 256 41.8 0 0 


tissues. Thus, in Table I, xylose in plasma between 40 and 180 minutes 
after injection disappeared to the extent of 120 mg. per cent, whereas in 
the same estimate from whole blood there is a disappearance of only 56 
mg. per cent. Whether such factors as muscular stimulation or injection 
of insulin change the rate of penetration of the pentoses into the eryth- 
rocytes has not been determined. 

Utilization of Pentoses—One of the reasons for the steady disappearance 
of the pentoses from the plasma (Fig. 1; Table I) might be utilization in 
the tissues. In order to detect such utilization, the whole bodies of rats 
were analyzed (a) without injection, (6) immediately after injection, and 
(c) 2 hours after injection of 100 mg. of pentose per 100 gm. of weight. In 
(a), the extract of whole rats, prepared as described under ‘‘Methods,” 
gave no detectable blank with the pentose method.‘ In (b), the pentose 


4 A similar method used previously (10) was based on determination of sugars by 
copper reduction, and gave a large blank without injection of sugar. The uncet- 
tainty introduced by this blank made the estimate of the disappearance of injected 
sugar less accurate. 
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injected with a calibrated syringe was nearly quantitatively recovered 
(0 to 6 per cent loss). The values obtained under (c) are recorded in 
Table II, and it may be seen that each of the pentoses disappeared to some 
extent, while D-raffinose did not disappear at all. An estimate of the rate 
of disappearance of glucose at approximately the same plasma levels is 
included for comparison. This estimate is made from a determination 
of the intravenous tolerance rate in normal and in insulinized rats (11). 
Injection of insulin (1 unit per 100 gm.) significantly increased the dis- 
appearance of all pentoses with the exception of p-arabinose, and an even 
greater effect was achieved when both hind legs were stimulated for 2 
hours. The enzymes which cause a disappearance of pentoses in animal 


TaBLeE II 
Utilization of Sugars in Nephrectomized Rats 
The whole body was analyzed 2 hours after injection of 100 mg. of sugar per 100 
gm. of weight. C, control; D, diabetic; E, eviscerated; I, insulin; M, stimulation 
of both hind legs. 


Sugar lost per 100 gm. weight 
Sugar injected 
Cc E D I M 
mg. mg. mg. mg. mg. 
9 6 12 17 
20 16 32 41 
20 19 26 33 42 
500* 600* 


* Estimated from intravenous tolerance rate. 


tissues have not been investigated in detail, except that a ribokinase is 
known to be present (12). This enzyme, by transferring phosphate from 
adenosine triphosphate to carbon 5 of the furanose form of ribose, leads 
to a product which can be oxidized over the pathway described by Hor- 
ecker ef al. (13) or can be incorporated into nucleotides via phosphoribo- 
mutase (14) and nucleoside phosphorylase (15). The question as to how 
muscular work or insulin might increase the activity of ribokinase will be 
discussed later. 

In two cases, severely diabetic rats were analyzed, but a decrease in the 
rate of utilization of the pentoses could not be detected, thus foreshadow- 
ing a result to be described later; namely, that a high glucose level in 
blood does not inhibit the penetration of the pentoses into the tissues, the 
latter being a prerequisite for their utilization. 

Upon comparison of the amount of pentoses lost in nephrectomized rats 
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with that which disappeared in nephrectomized eviscerated rats, one can 
see that utilization of pentoses takes place to a considerable extent in the 
extrahepatic tissues. There appears to be no advantage in the current 
use of eviscerated preparations in investigations concerned with tissue per- 
meability. 

Distribution of Pentoses in Body—It seems clear that, in order to cal- 
culate the per cent distribution of the pentoses in the body (Fig. 1), a cor- 
rection has to be applied for the amount of pentose which disappears be- 
cause of utilization. In Table III, Column 2, the average plasma level of 


TaBLeE III 
Plasma Concentration of Sugars 
The values were obtained 2 hours after injection of 100 mg. of sugar per 100 gm. 
of weight and are expressed in mg. per 100 ml. of plasma water. C, control; I, in- 
sulin; M, stimulation of both hind legs. The number of experiments is given in 
parentheses. 


I Per cent distribution 
in body* 
Sugar injected Cc M 
Galcu- | Found I 
(1) (2) (3) (4) (S) (6) (7) 
p-Arabinose......... 242 (7) 234 212 (7) 230 38 42 
L-Arabinose......... 233 (6) 198 139 (4) 34 49 
p-Lyxose............ 224 (8) 198 171 (4) 177 39 45 
p-Ribose............ 114 (5) 76 72 (4) 59 47 50 
p-Xylose............ 224 (10) 188 142 (12) 131 36 47 
p-Galactose......... 230 140 (3) 
p-Raffinose.......... 564 (13) 18 


* Corrected for utilization of sugars as follows: (mg. of sugar recovered per 100 
gm.)/(mg. of sugar per ml. of plasma water). 


four of the pentoses and of galactose 2 hours after injection was very simi- 
lar, ranging only from 242 to 224 mg. per cent. The plasma level of the 
more rapidly utilized ribose was considerably lower, about one-half of that 
of the other pentoses. When compared with raffinose, which remains 
extracellular and distributes itself in 18 per cent of the body weight, all 
of the pentoses showed an intracellular distribution. In Table III, Col- 
umn 6, this distribution, when corrected for utilization, varied between 
34 and 39 per cent of the body weight for four of the pentoses, and ribose 
differed again by showing a higher distribution. Since it had not been 
determined how much galactose disappeared through utilization, the per 
cent distribution in the body could not be calculated. 

Insulin or muscular work, in the form of stimulation of both hind legs, 


( 
ul 
t 
(s 
C2 
re 
of 
ni 
( 

| 
ceé 

L- 

D 
D 
D 

tl 
W 
b 

b 

t 
C) 

Ce 
0 
p 


E. HELMREICH AND C. F. CORI 671 


caused a decrease in the plasma level of the pentoses and of galactose 
(Table III). When compared with the controls (Column 2 versus Col- 
umn 4), the differences were statistically significant (p < 0.1 per cent) in 
the case of L-arabinose (s.d. = 17.6), p-lyxose (s.d. = 8.6), and p-xylose 
(s.d. = 3.7) and marginally significant (p = 1.3 to 2.0 per cent) in the 
case of D-ribose (s.d. = 12.6) and p-arabinose (s.d. = 10.9). Column 3 
refers to the plasma values which should have been found, had the only 
effect of insulin been an increased utilization of the pentoses of the mag- 
nitude shown in Table II. Insulin appears to have an additional effect 
(Table III, Column 3 versus Column 4) which is statistically significant 
only in the case of D-xylose (p < 0.1 per cent) and marginally significant 


TaBLe IV 
Distribution of Sugars in Extra- and Intracellular Compartments of Body 


Calculated from the data of Tables II and III for an extracellular space of 18 per 
cent of the body weight. 


Sugar per 100 gm. body weight 
Sugar injected Control Insulin 
|Extracellular | Intracellular; Ratio, I:E | Extacellular | Intracellular| Ratio, I:E 
mg. mg. mg. mg. 
p-Arabinose...... 43.5 47.5 1.09 38.2 49.8 1.31 
L-Arabinose...... 41.9 38.1 0.91 25.0 43.0 1.72 
p-Lyxose......... 40.3 46.7 1.16 30.8 46.2 1.50 
pD-Ribose......... 20.5 33.5 1.63 13.0 23.0 1.77 
p-Xylose......... 40.3 39.7 0.98 25.6 41.4 1.61 


(p = 1.5 per cent) in the case of L-arabinose and p-lyxose. If the addi- 
tional insulin effect were to consist of a wider distribution of the sugars 
in the tissues, the values shown in Columns 6 and 7, Table III, could 
give an indication of the magnitude of this effect. The question 
was whether one could detect these changes in the distribution of sugar 
by direct tissue analyses. 

In Table IV the amount of pentose present in the extracellular and 
intracellular compartments of the body has been calculated. It may be 
seen that, under the experimental conditions chosen, insulin produced a 
barely significant increase of pentose in the intracellular compartment of 
the body as a whole. In the case of p-ribose, there was actually a de- 
crease. The possibility remained that insulin increased the pentose con- 
centration in a particular tissue, e.g. muscle, corresponding to 40 per cent 
of the body weight, and that this occurred at the expense of the pentose 
present in the intracellular compartment of other tissues. Such a change 
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in the distribution of pentose within the intracellular compartment would 29 
imply that some tissues attain equilibrium with the external pentose con- 
centration much more rapidly than others. The former would then yield 
pentose as the external pentose concentration falls because of increased 
withdrawal of pentose by the latter. thi 

When liver and muscle were compared (Table V), a marked difference | 1} 
in the rate of attainment of equilibrium was indeed observed. In liver 
the ratio, intracellular to extracellular pentose, approached unity 30 min- 
utes after the injection. On the other hand, the penetration of pentose 
into resting muscle was a slow process, even slower than the penetration 
into the erythrocytes, as shown by the fact that the above ratio 


TABLE V 
Distribution of Sugar between Plasma, Muscle, and Liver 
The extracellular space determined with raffinose in this experiment was found 
to be 20 per cent for muscle and 29 per cent for liver. These values were used for 
calculation of intracellular concentration. The animal was fasted for 48 hours. 
The water content of the liver of a fasting rat was assumed to be 70 per cent of the 


fresh weight. 
100 mi. of tissue water 100 mi. of tissue distribution 
water 
Sugar injected ‘injection 
Muscle} Liver 
Plasma | Muscle| Liver | Muscle! Liver to to 
plasma | plasma 
min. 
L-Arabinose............. 30 374 | 70.5 | 346 0 335 | 0 0.9 
120 236 | 61.4 17.6 0.08 


had reached a value of only 0.08 some 2 hours after the injection. With © tio 
this background concerning the dynamics of distribution, the effect of in- § 4° 
sulin and of muscular work on the penetration of the pentoses into muscle 
will be examined. The results will be expressed in terms of concentration — 4); 
in the intracellular water of muscle, since this is presumably the concentra § jpg 
tion in contact with the enzymes. ] 

Intracellular Distribution of Pentoses in Muscle—The values for the con- F tio 
trol muscles in Fig. 2 indicate that each of the pentoses showed an intra- § ‘T), 
cellular distribution 2 hours after the injection. This was also found to § ,., 
be the case in muscle of alloxan-diabetic rats. The order in the rate of F yj 
penetration under these basal conditions was pD-lyxose > p-xylose > § for 
D-arabinose > p-ribose > L-arabinose. 

After injection of insulin, the distribution of each of the pentoses M jf) tro 
muscle was increased. The effect was statistically significant (p < 0.1 | 
per cent) in all cases (s.d. L-arabinose = 9.3, D-lyxose = 9.7, p-ribose = § io, 
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2.9, p-xylose = 8.0), except for p-arabinose (s.d. = 11.7). Though the 
actual concentrations in muscle after insulin injection were nearly the same 
for L-arabinose, D-lyxose, and p-xylose, those of D-arabinose and p-ribose 
were considerably lower. In the latter case, one must consider that two- 
thirds of the injected sugar disappeared by utilization. The effect of in- 
sulin on L-arabinose appears to be greater than on the other pentoses, 
since L-arabinose shows the slowest rate of penetration in the absence of 
insulin injection. The highest distribution ratio (0.98) between the aque- 


MG. PER 100 ML. 


D-ARABINOSE D-LYXOSE O-XYLOSE 

L-ARABINOSE D-RIBOSE 


Fic. 2. Intracellular concentration of pentoses in muscle 2 hours after the injec- 
tion of 100 mg. per 100 gm. C, control; I, insulin; S, stimulated; D, diabetic. The 
dotted lines represent the corresponding plasma values. The number of experi- 
ments are given in parentheses. 


ous phases of muscle and plasma was reached in the case of p-ribose after 
insulin injection. 

In order to determine the effect of insulin on the rate of pentose penetra- 
tion, experiments of short duration, not shown in Fig. 2, were undertaken. 
The initial rate of penetration of p-xylose was again faster than that of 
L-arabinose. ‘Thus, 10 minutes after the pentose injection into rats treated 
with insulin, the ratio of distribution was 74:258 = 0.29 in the case of the 
former, and 31:311 = 0.1 in the case of the latter pentose. 

The effect of stimulation could be investigated by stimulating one gas- 
trocnemius muscle’ and comparing it with the resting gastrocnemius in 


* Stimulation of a small muscle such as the gastrocnemius, in contrast to stimula- 
tion of both hind legs, has no demonstrable effect on the pentose level of plasma. 
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the same animal. Fig. 2 shows that stimulation caused a significant in- 
crease in the intracellular concentration of each of the pentoses and that 
this effect, like that produced by insulin, was not dependent on a particular 
configuration of the pentose molecule. The effect of stimulation appeared 
to be stronger than that of insulin. Stimulation plus injection of insulin 
did not produce any greater effect than stimulation alone (4). The highest 
distribution ratio (0.75) was reached by p-lyxose in stimulated muscle. 

In stimulated muscle, 10 minutes after the sugar injection, the order 
in the rate of penetration was p-lyxose (152) > p-xylose (94) > p-ribose 
(66). The values in parentheses represent mg. of pentose per 100 ml. of 
intracellular water. From these values, in conjunction with those for rest- 
ing muscle in Fig. 2, one can arrive at the rough estimate that stimulation 
may increase the rate of penetration 10-fold or more over that in resting 
muscle. 

In a small series of experiments with alloxan-diabetic rats (Fig. 2), the 
effects of stimulation and of insulin injection were the same, except that 
the values tended to be lower in the muscles of the diabetic than in those 
of normal animals. 

In other experiments, not shown in Fig. 2, a muscle denervated for 2 
days could be made more permeable to pentoses by direct stimulation, 
provided that it performed sufficient work. This indicates that intact 
innervation is not needed to demonstrate the effect of muscle work. 

The following experiment was performed to see whether a humoral agent 
is involved in the effect of stimulation on permeability of muscle, as has 
been suggested by Levine and Goldstein (2). The muscles of both hind 
limbs were stimulated for 2 hours through the spinal cord, except for one 
gastrocnemius, the nerve of which had been cut. The denervated muscle 
did not show an increased pentose uptake. This does not support the 
above suggestion. 

It is of particular interest that the effect of muscular work on perme- 
ability was found to persist for as long as 30 minutes after the stimulation. 
Use was made of this fact in the experiments with cooled muscle (see be- 
low). 

The question may be asked whether the effect of insulin on muscle is of 
sufficient magnitude to explain the fall in plasma pentose. For this pur- 
pose, one multiplies the difference in plasma concentration (Table II], 
Column 3 versus Column 4) with the original ratio of distribution, e.g. for 
L-arabinose 59 X 0.34 = 20.1 mg. of sugar, which would be the amount 
taken up by 40 gm. of muscle in a 100 gm. rat when insulin is injected. 
From the difference in the bar diagrams in Fig. 2, one may calculate an 
increase in the intracellular L-arabinose content of 19.8 mg. per 40 gm. of 
muscle when insulin is injected. A similar calculation for p-lyxose yields 
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10.5 versus 12.6 mg. and, for p-xylose, 16.5 versus 12.7 mg. It would thus 
appear that the principal insulin effect on the distribution of pentoses takes 
place in muscle. 

Effect of Glucose and 3-Methylglucose on Pentose and Galactose Penetra- 
tion—As the animals receiving insulin were not injected with glucose, they 
developed hypoglycemia, which is shown by determination of plasma glu- 
cose With the hexokinase-Zwischenferment reaction. The mechanism by 


TaBLe VI 
Effect of Glucose and $3-Methylglucose on Penetration of Other Sugars into Muscle 


The values in parentheses are those obtained under the same conditions, but 
when no glucose or 3-methylglucose was injected. 


Concentration 
mg. per 100 gm. min. mg. per 100 ml. mg. per 100 ml. 

p-Arabinose, 100 120 290 68.1 (37.9) 
3-Methylglucose, 400 2060 
p-Xylose, 100 60 273 19.0 (23.6) 
3-Methylglucose, 200 1595 
p-Xylose, 100 120 224 42.5 (40.9) 
3-Methylglucose, 250 . 1631 
L-Arabinose, 100 20* 276 86 (67) 
p-Glucose, 400 982 
p-Xylose, 100 120* 126 83.6 (92.7) 
p-Glucose, 400 178 
p-Galactose, 100 120* 174 112 (88.2) 
p-Glucose, 700 519 
p-Xylose, 100 30t 361 156 (127) 
p-Glucose, 200 | 600 


* Insulin injected at zero time. 
t Muscle stimulated for 30 minutes. 


which pentoses enter the intracellular compartment of muscle is not known, 
but, if it were the same as that for glucose, this sugar should inhibit the 
penetration of the pentoses in proportion to its concentration in the extra- 
cellular fluid. In consequence, the effect of insulin on the distribution of 
the pentoses could have been due to a lowering of the glucose concentra- 
tion. In this case the effect of insulin would disappear if enough glucose 
were injected to prevent hypoglycemia. 

Experiments in which this possibility was tested are presented in Ta- 
ble VI. 3-Methylglucose was chosen as a non-utilizable glucose analogue 
which has been shown to be “actively” absorbed from the gastrointestinal 
tract (16). In the first three experiments the penetration of neither 
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p-arabinose nor D-xylose into resting muscle was inhibited by a 6- to 7-fold 
excess of 3-methylglucose in the blood stream. When glucose was present 
in excess, it did not inhibit the penetration of D-xylose or L-arabinose into 
insulin-treated or stimulated muscle and did not prevent the decrease in 
the pentose level of plasma after insulin injection. The penetration of 


VII 
Effect of Temperature on Penetration of Sugars into Muscle 


The dose of insulin was 3 units per 100 gm., injected 70 to 120 minutes before the 
termination of the experiments. ‘Stimulated muscle” refers to the preceding 
stimulation of both gastrocnemius muscles for 30 minutes at the rate of 3 per second, 
In each case, one muscle had been cooled to the indicated temperature before sugar 
(100 mg. per 100 gm.) was injected. With one exception, the averages of two ex- 
periments are tabulated. 


Total 
ment Sugar injected — a, ture of Remarks 
Con- Cooled muscle | Con- Cooled 
trol trol 
1 p-Raffinose 10 17 | 141 | 96 Insulin 
2 p-Xylose + 90 | 266 | 26 | 24 | 124 | 129 | Resting mus- 
p-raffinose cle 
3 p-Xylose 10 | 258 | 74 0; 22 Insulin 
4 60 | 171 | 128 | 56] 24 
5 - + 120 | 157 | 105 | 72} 23 | 132 | 132 “ 
p-raffinose 
6 p-Xylose 10 | 358 | 94; 13 20 Stimulated 
muscle 
7 t-Arabinose + 30 | 360 | 204 | 71; 21 | 130! 115 | Stimulated 
p-raffinose muscle 
8 p-Xylose + 70 | 294 | 1387 | 111 | 25 | 146 | 137 | Stimulated 
p-raffinose muscle 


galactose could not be inhibited either, even when the final plasma glucose 
level exceeded that of galactose 3-fold. 

Effect of Temperature—The distribution of pentose in the extracellular 
space of muscle is generally rapid enough so as not to be rate-limiting for 
the intracellular penetration. Among the factors which influence the 
rate of extracellular distribution, the cross section of open capillaries and 
the rate of blood flow play an important role. Cooling results in vaso- 
constriction and decreased rate of blood flow, and the question was to 
what extent this might influence extracellular distribution and hence m- 
tracellular penetration. Raffinose was injected in order to determine the 
rate of distribution of sugar in the extracellular space. It was found that, 
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when muscle was cooled below 20°, the rate of distribution was decreased. 
In Experiment 1, Table VII, analyses were made 10 minutes after injection, 
at which time the extracellular space of the control muscle had come to 
equilibrium with the plasma raffinose concentration corresponding to a 
distribution in 22 per cent of the fluid volume of muscle. The muscle 
cooled to 17° contained considerably less raffinose and had reached only 
68 per cent of the equilibrium value of the control muscle. In four addi- 
tional experiments in Table VII, analyses were made 30 to 120 minutes 
after injection; in these, no significant difference in the raffinose content 
between the control muscles and muscles cooled to 20—25° could be de- 
tected. 

Experiment 2, Table VII, shows that the slow basal penetration of pen- 
tose into muscle does not have a measurable temperature coefficient. 
After injection of insulin (Experiments 3 to 5, Table VII), the cooled mus- 
cle contained in each case less intracellular pentose than the control muscle. 
Whereas the distribution of pentose in the control muscle had reached its 
maximum 60 minutes after the injection, the penetration of pentose into 
the cooled muscle continued for 120 minutes. For this reason the differ- 
ence in the pentose content of the two muscles became smaller with time. 
An effect of temperature on the rate of penetration is also seen in pre- 
viously stimulated muscle (Experiments 6 to 8, Table VII), and here again 
the difference becomes smaller with time (see above). The stimulated 
and cooled muscle is still more permeable to the pentoses than resting 
muscle at normal temperature. This was to be expected since an approx- 
imate 10-fold increase in the rate of xylose penetration as the result of 
stimulation would not be abolished by a decrease in temperature of 16° 
unless the temperature coefficient was very large. A rough estimate would 
indicate that the temperature coefficient (Qio) of the accelerated penetra- 
tion after stimulation is between 2 and 3. 


DISCUSSION 


The conclusion of Levine and Goldstein (2) that insulin or muscular 
work lowers the blood level of pentoses and of galactose because of a 
greater distribution in the body tissues is confirmed, but the correlation 
of this phenomenon with a particular structure of the sugar molecule is 
not substantiated. This does not exclude the possibility that the cell mem- 
brane shows specificity with respect to other structural changes, e.g. re- 
placement of the reducing group by a primary alcohol group. This point 
needs further investigation. 

The first question to arise is whether the pentoses can serve as model 
substances for glucose. This would depend on the mechanism by which 
they penetrate into the interior of the muscle cell as compared to glucose. 
It has been shown in this paper that glucose does not inhibit the penetra- 
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tion of the pentoses; this could mean that glucose and the pentoses enter 
muscle by two different mechanisms, both of which are influenced by in- 
sulin or muscular work. It should be pointed out that thus far it has not 
been established how glucose enters muscle. This point needs to be set- 
tled before further discussion becomes profitable. 

The second question to arise is how insulin or muscular work increases 
the utilization of the pentoses. In the case of stimulation of both hind 
limbs, the utilization of D-arabinose, L-arabinose, D-ribose, and D-xylose 
is approximately doubled. At the same time the concentration of the 
pentose rises in the intracellular water of muscle, for example (Fig. 2) in 
the case of p-xylose from 2.7 X 10-* m in resting muscle to 6.2 X 10° ¥ 
in insulin-treated muscle and to 8.5 X 10-* o in stimulated muscle. One 
might assume that this represents the substrate saturation curve of an 
enzyme. A corollary of this mechanism would be that the rate of pene- 
tration of sugars controls the rate of metabolism through the degree of 
saturation of an enzyme. 

An alternative explanation would be that the internal concentration re- 
mains the same while the volume of distribution changes. Thus ribose 
in Fig. 2 would occupy 31 per cent of the intracellular volume in resting 
muscle and 70 per cent in stimulated muscle. If it is assumed that ribo- 
kinase is uniformly distributed in the different ‘‘ccompartments” of muscle, 
the approximate doubling of ribose utilization in stimulated muscle would 
be accounted for. In this case muscular activity or insulin would remove 
some intracellular barriers, permitting access of substrate to a larger 
amount of enzyme. Therefore, the rate of utilization would depend on 
the total amount of enzyme in contact with the substrate. 

The third question is how muscular work or insulin could change the 
cell membrane or some inner cell structure (according to whether one favors 
the first or second hypothesis) in such a manner that pentoses can pene- 
trate at a higher rate than normal. The fact that the change in perme- 
ability after insulin or muscular work is influenced by temperature may 
seem of primary importance. Actually, this does not tell us what kind 
of “active” process is involved. One might be measuring the effect of 
temperature on a “carrier” mechanism, but it is equally possible that an 
energy-yielding reaction is required to keep the ‘“‘membrane”’ in a state 
of increased permeability. These and other questions will be more fully 
discussed in subsequent papers. 


SUMMARY 


1. The distribution of five aldopentoses, of galactose, and of raffinose 
between plasma and tissues has been determined in nephrectomized rats 
at rest, after injection of insulin, and after stimulation of muscle. The 
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whole body was extracted in order to determine how much pentose dis- 
appeared through utilization. Individual tissues analyzed for pentose 
were erythrocytes, liver, and muscle. 

2. Each of the pentoses was utilized at a slow rate (from 2 to 10 per cent 
of the rate of glucose), and the rate was increased by injection of insulin 
or by stimulation of both hind legs. Raffinose was not utilized. 

3. When compared with raffinose, which distributed itself in an extra- 
cellular space corresponding to 18 per cent of the body weight, each of 
the pentoses showed an intracellular distribution 2 hours after injection 
in normal as well as diabetic animals. The relative rates of penetration 
of the pentoses into the intracellular compartments of individual tissues 
were liver > erythrocytes > muscle. 

4. After injection of insulin or muscular activity, the pentose level of 
plasma decreased, partly because of increased utilization and partly be- 
cause of increased distribution which took place mainly in muscle. The 
rate of penetration was also increased. The effect was not specific for a 
particular configuration of the sugar molecule. 

5. The penetration of pentoses and of galactose into muscle at rest, 
after injection of insulin, or after stimulation could not be inhibited by 
the injection of large amounts of glucose or 3-methylglucose. 

6. The basal rate of penetration of pentose was not decreased in a muscle 
cooled to 22°, whereas the increased rate of penetration after insulin or 
muscular activity showed a definite temperature dependence with a Qyo 
of about 2. 
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STUDIES OF TISSUE PERMEABILITY 


Ill. THE EFFECT OF INSULIN ON PENTOSE UPTAKE 
BY THE DIAPHRAGM* 


By D. M. KIPNISf ann CARL F. CORI 


(From the Department of Biological Chemistry, Washington University School 
of Medicine, St. Louis, Missourt) 


(Received for publication, July 23, 1956) 


The isolated rat diaphragm has been used for the study of metabolic 
problems which involve the penetration as well as the utilization of sugars. 
Penetration alone can be studied by determining the intracellular and ex- 
tracellular concentrations of sugars which are not appreciably metabolized. 
In this work, D-xylose was selected for this purpose. 

An analysis of the factors which have to be controlled in order to make 
the diaphragm a suitable test object for permeability studies of muscle 
has led to the conclusion that the usual diaphragm preparation has a num- 
ber of serious disadvantages. A diaphragm preparation is described in 
which, in contrast to the usual preparation, none of the muscle fibers are 
cut. This preparation was found to be similar to the diaphragm in the 
intact animal with respect to total tissue water, intracellular and extra- 
cellular spaces, rate of pentose penetration, and insulin responsiveness. 
The effects of a variety of parameters on pentose penetration in the pres- 
ence and absence of insulin were also studied with both kinds of diaphragm 
preparations. 


Materials and Methods 


Animals—Male rats of the Sprague-Dawley strain, 100 to 180 gm., were 
maintained as described previously (1). All the animals were fasted 16 
to 24 hours before use. 

Alloxan Diabetes—Rats, fasted for 24 hours, received either an intra- 
venous dose of 50 mg. or an intraperitoneal injection of 200 mg. of a freshly 
prepared solution of alloxan monohydrate per kilo of body weight. They 
were then allowed water and food ad libitum. Only animals possessing 
fasting blood sugar levels over 300 mg. per cent by the 4th post-injection 
day or thereafter were considered diabetic. 

Chemicals—p-Raffinose, D-xylose, and inulin were obtained from the 
Pfanstiehl Chemical Company, D-glucose from the Mallinckrodt Chemical 


* This work was supported by a grant from the Rockefeller Foundation. 
t Research Fellow, The American College of Physicians, 1955-56. 


681 


i 
Py 4 
2 
> 
bs 
i 
<a 
Seq 
€ 
; 
a 
* 


682 PENTOSE UPTAKE BY DIAPHRAGM 


Works, alloxan monohydrate from the Eastman Kodak Company, and 
crystalline zinc insulin (Iletin) from Eli Lilly and Company. 

Suspension Medium for Diaphragms—Krebs-Henseleit phosphate buffer 
(2), pH 7.35 to 7.40, was equilibrated with oxygen and used in all experi- 
ments. 

Diaphragm Preparation—Rats were killed by decapitation and their 
diaphragms immediately removed. Two different diaphragm preparations 
were used throughout this study and will henceforth be referred to as the 
“cut” and the “intact” diaphragm. The preparation of the cut diaphragm 
involves its excision from the rib cage and central tendon, and is the usual 
method employed for preparing this tissue for studies in vitro. The intact 
diaphragm maintains intact its insertions to the xiphoid process, ribs, cen- 
tral tendon, and spine, and can be prepared within 1 to 2 minutes. The 
sternum is divided horizontally at the level of the fourth costal cartilage, 
after which the ribs are transected superior to the insertions of the dia- 
phragm. After the attachments of the abdominal and back muscles have 
been cut from the lower rib cage and the intrathoracic and abdominal 
structures traversing or adhering to the central tendon have been severed, 
the diaphragm can be freed by transecting the spine above and below the 
twelfth vertebra. The diaphragm thus obtained has all of its muscle fibers 
intact. In order to reduce the weight of the preparation, extraneous con- 
nective tissue, bone, and muscle are trimmed away prior to its use. 

Experimental Procedure—After preparation, the diaphragms were washed 
in Krebs-Henseleit buffer for less than 1 minute at room temperature and 
then gently blotted on filter paper. The cut diaphragms (weighing 80 to 
120 mg.) were transferred to small plastic beakers containing 3 ml. of the 
appropriate incubation mixture, and incubations were carried out at 37° 
in a Dubnoff metabolic shaker (110 cycles per minute) under a water- 
saturated oxygen gas phase. The intact preparation (usual weight 1.5 
to 2.5 gm.) was similarly treated, except that the volume of incubation 
mixture used was 30 to 40 ml. 

Thiosulfate space was determined for every diaphragm in which pentose 
uptake was being studied. Upon completion of the incubation period, 
the diaphragms (in the case of the intact preparation, the diaphragm was 
first dissected free at its insertions) were washed in Krebs-Henseleit buffer 
for 10 seconds, blotted on filter paper, and weighed on a torsion balance. 
The tissue was thoroughly ground with sand in a known volume of the 
reagents necessary for the preparation of a protein-free filtrate. These 
filtrates were prepared by the Folin-Wu procedure (3) when thiosulfate 
determinations were to be performed, and by the method of Somogyi (4) 
when thiosulfate was absent. 

Analytical Methods—Pentoses were assayed by the p-bromoaniline 
method of Roe (5) adapted for the Beckman spectrophotometer, raffinose 
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and inulin by the Roe ketose method (6), urea by the micro-diffusion tech- 
nique of Conway (7), and glucose by the colorimetric procedure of Nelson 
(8). The filtrates prepared according to either Folin-Wu or Somogyi gave 
zero blanks in the pentose and ketose determinations. Thiosulfate was 
determined by iodometric titration (9) in Folin-Wu filtrates, which gave 
a blank that remained constant for all periods of incubation and accounted 
for less than 8 per cent of the total determination. 


Results 


Appropriate evaluation of intracellular penetration is feasible only when 
the distribution of total tissue water between extracellular and intracellular 
phases is known. 

Total Water Content—Total water content was measured by drying to 
constant weight at 100° or by determining the distribution of urea between 
the medium and the tissue, the values being expressed as per cent of wet 
tissue weight (Fig. 1, Curves 1 and 2). The diffusion rate of urea into 
the total tissue water was found to be very rapid, 75 per cent of equilib- 
rium being reached within 5 minutes and equilibrium within 10 minutes. 
Urea concentration remained constant for the first 14 hour of incubation, 
then gradually decreased, although no significant change was observed in 
wet weight or total water content as determined by the drying procedure. 
The decrease in urea space with prolonged periods of incubation may be 
the result of water becoming structurally bound to tissue constituents (e.g. 
connective tissue) and thereby not remaining accessible for free diffusion. 
The total tissue water, as determined by both methods, was 77 to 78 per 
cent of wet tissue weight. 

Extracellular Space—The extracellular space is expressed as per cent of 
wet tissue weight and represents the tissue volume which is in equilibrium 
with the outside concentration. The extracellular spaces for varying pe- 
riods of incubation as measured by raffinose, thiosulfate, and inulin are 
recorded in Fig. 1, Curves 3, 4, and 5, respectively. Although the space 
varied with the substance used, any single compound gave consistent 
and reproducible results. The raffinose and thiosulfate spaces were con- 
sistently larger than the inulin space for all periods of incubation. After 
30 minutes of incubation, the ratio of inulin volume to thiosulfate volume 
was 0.75, a value in good agreement with the results of thiosulfate and 
inulin distribution reported by several groups of investigators (10-12). 
The initial rate of penetration of inulin, which was lower than that of 
thiosulfate and raffinose, is probably a reflection of a slower rate of diffusion 
owing to its larger molecular size. Incubation with shaking to 140 cycles 
per minute or without shaking failed to influence either the rate of dif- 
fusion or the final volume of distribution of any of the substances used. 

Because of analytical difficulties in determining raffinose or inulin in 
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the presence of pentose, thiosulfate was selected for extracellular space 
determinations in all other experiments. Thiosulfate is reported to be 
oxidized to sulfate at an appreciable rate by the whole animal (13) and by 
tissue slices (14), but this did not occur with the rat diaphragm during the 
incubation periods used in these experiments. ‘Thus, after 30 minutes of 
incubation, 101 + 1.5 per cent of the thiosulfate originally added to the 
incubation mixture was recovered. Insulin failed to influence the thio- 
sulfate space in either the presence or absence of glucose. 

Three factors were found to influence markedly the thiosulfate space of 
the rat diaphragm in experiments performed in vitro: (a) the degree of 
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Fic. 1. Total tissue water and extracellular space of the cut diaphragm prepara- 
tion. Total water content was measured either by drying to constant weight (Curve 
1) or by the urea space (Curve 2). Extracellular space was measured with raffinose 
(Curve 3), thiosulfate (Curve 4), or inulin (Curve 5). 


trauma to which the diaphragm was exposed during its preparation; (0b) 
the availability of utilizable substrates such as glucose; and (c) the tem- 
perature to which the diaphragm was exposed prior to or during incubation. 

The usual procedure for preparing rat diaphragms for studies in vitro 
entails their excision as hemidiaphragms, and upon occasion their further 
division into smaller units, procedures which probably cut every muscle 
fiber. The thiosulfate space of the cut diaphragm incubated in vitro is 
consistently larger than that of the intact diaphragm preparation (com- 
pare Curves 1 and 2, Fig. 2). Furthermore, the thiosulfate space of the 
intact diaphragm in vitro is in good agreement with the raffinose space 
determined in vivo (Fig. 2, Curve 2 (A)). Another difference between the 
intact and cut diaphragm preparations is that the former reaches apparent 
equilibrium of thiosulfate distribution within 5 minutes of incubation, 
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whereas the latter shows an increase in the thiosulfate space which con- 
tinues for 30 minutes and reaches values higher than normal. 

When no glucose is added to the incubation mixture, there occurs a 
progressive increase in thiosulfate space in both preparations after incuba- 
tion for 30 minutes (dashed curves, Fig. 2). This increase takes place at 
about the time that the glycogen stores have disappeared from the dia- 
phragm (15). The results imply that an energy source is needed to main- 
tain the diaphragm in a functionally satisfactory state. 

Preliminary soaking of the cut rat diaphragm in Krebs-Henseleit buffer 


at 0° for short periods has been reported (16) to result in an increased 
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Fic. 2. Thiosulfate spaces of the cut and the intact diaphragm. Curve 1, cut 
diaphragm; Curve 2, intact diaphragm; the dashed curves represent the progressive 
increase in the thiosulfate space when glucose is omitted from the incubation mix- 
ture; A, Curve 2, the determination of the raffinose space in the diaphragm of the 
intact animal. 


glucose uptake on subsequent incubation at 37°. Such treatment also 
results in a 30 per cent increase in the extracellular space. Incubation 
at 12° for periods up to 30 minutes caused an average increase of 10 per 
cent in wet weight with resultant increases in both the extracellular and 
intracellular volumes, although incubation for the same length of time at 
17° did not alter the total water content or thiosulfate space of the cut 
diaphragm. That 12° is a critical temperature for producing marked 
changes in the diaphragm will also be shown in a later section. 

Determination of Pentose Uptake—Pentose uptake will be expressed in 
two ways: (a) total content (C,), which indicates the pentose content per 
ml. of total tissue water; and (b) intracellular content (C;), which repre- 
sents the pentose content per ml. of intracellular water. The latter value is 
obtained by the following calculation. 
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1 — (S:/S.) 


(1) C; 


S, is the thiosulfate space per gm. of wet tissue weight, S. the urea space 
per gm. of wet tissue weight, and C’,, the pentose content per ml. of incu. 
bation mixture. The per cent of intracellular water which is in equilibrium 
with the incubation mixture is represented by the ratio ((C;/C,,) X 100). 

Influence of Concentration on Xylose Penetration—The total and intra- 
cellular uptakes of xylose over a concentration range of 100 to 600 mg. 
per cent were determined under conditions which permitted the attainment 
of equilibrium (Fig. 3). Both the total and the intracellular penetration 
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Fic. 3. The influence of concentration on xylose content of the cut diaphragm at 
equilibrium. Curve 1, total content; Curve 2, intracellular content; Curve 3, per 
cent distribution of intracellular pentose. 


increased in a linear fashion with increasing external concentrations of 
xylose, and the final equilibrium (50 to 55 per cent of maximal distribution) 
was the same at all concentrations. The linear relationship of penetration 
and external concentration up to levels of 600 mg. per cent suggests that 
pentose enters the cells by diffusion. 

Rate of Intracellular Penetration of Xylose—The results obtained with 
the cut and intact diaphragm preparations are shown in Fig. 4, Curves | 
and 2, respectively. The two types of preparations differ markedly in 
the rate with which the same equilibrium are attained. Xylose reaches 
equilibrium within 30 minutes in the cut diaphragm, whereas with the 
intact diaphragm 60 minutes of incubation are required. The rapid rate 
of intracellular penetration characteristic of the cut diaphragm is not 
modified by varying the osmolarity or protein content of the incubation 
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medium, by changing the temperature of incubation, or by sacrificing the 
animals with curare and Nembutal to prevent excessive muscular activity. 
In the experiments in Fig. 4, glucose had been added to the incubation 
medium, and under these conditions the thiosulfate space and equilibrium 
value of intracellular pentose remained constant for at least 2 hours. It 
was found with the cut diaphragm that, in the absence of glucose, the 
intracellular pentose concentration, after reaching equilibrium in 30 min- 
utes, began to decrease on more prolonged incubation. This decrease 
reflects the simultaneous increase in thiosulfate space presumably resulting 
from the entry of thiosulfate into the intracellular water. 
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Fia. 4. The rate of xylose penetration. Curve 1, cut diaphragm; Curve 2, intact 
diaphragm; ©, diaphragm of the living animal. See the text regarding the method 
used to determine intracellular penetration in vivo. 


The semisolid circle, ©, in Fig. 4, represents the xylose penetration 
(which is to be read against the left ordinate only) into the diaphragm of 
nephrectomized rats at various intervals after the intravenous administra- 
tion of 100 mg. of xylose per 100 gm. of body weight. These experiments 
im vitro and in vivo are not completely equivalent, for the external pentose 
concentration remains constant in the former, whereas the plasma and 
extracellular pentose concentrations are continually changing in the latter. 
This results in an overestimate of the rate of intracellular penetration in 
vivo for intermediate points, but gives accurate values for the final equilib- 
rium state attained. It is evident from the data plotted in Fig. 4 that the 
intact diaphragm preparation under conditions in vitro closely parallels 
the behavior of this tissue in the living animal. 
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Kinetics of Pentose Penetration—The intracellular penetration of xylog 
was found to follow the kinetics of a first order reaction. Specific rate 
constants for intracellular penetration at various xylose concentrations 
were determined in the presence and absence of insulin, both intact and 
cut diaphragm preparations being used (Table I). In all these experi. 
ments, the volume of the medium was sufficiently large to permit the ex. 
ternal pentose concentration to remain constant throughout the incubation 
procedure. Specific rate constants were calculated by using the integrated 
form of the first order rate equation for reversible reactions, in which a 


(2) k = (1/t)In(a/(a — 2)) 


represents the final equilibrium attained, x the per cent equilibrium at 
various time intervals, t, and k the sum of the constants for penetration 
and exit. That intracellular penetration is a freely reversible process 
with the rates of entrance and exit being of the same order of magnitude 
was readily demonstrated. Paired hemidiaphragms were incubated in the 
presence of pentose for 15 minutes, after which time one was analyzed for 
intracellular xylose and the other was transferred to a large volume of buf- 
fer containing no sugar and allowed to incubate for another 15 minutes 
prior to being analyzed for intracellular pentose. Under these conditions, 
the rates of entrance and exit were of the same order of magnitude. 

The values for k obtained with the cut diaphragm at four different pen- 
tose concentrations showed close agreement. The rate of pentose penetra- 
tion in the absence of insulin (hereafter referred to as basal pentose pene- 
tration) into the cut diaphragm was 5 times more rapid than that into the 
intact diaphragm. The basal pentose penetration was the same for cut 
diaphragm preparations obtained from either normal or alloxan-diabetic 
rats (Table I). 

Initial velocities of basal pentose penetration were calculated by multi- 
plying the rate constant with the pentose concentrations of the incubation 
mixture. Data so obtained were plotted according to Lineweaver and 
Burk (Fig. 5). Such a plot intercepts the origin, indicating that basal 
penetration is either a process of diffusion or one possessing an extremely 
large K,, if an enzyme system is involved. 

Effect of Insulin on Pentose Penetration—The addition of insulin resulted 
in two demonstrable effects (Table I) which were qualitatively the same 
in both preparations; namely, an accelerated rate of penetration and an 
increase in the volume of distribution at equilibrium. Quantitatively, 
however, the effect of insulin was greater and more easily demonstrable 
with the intact preparation. The insulin response of the cut diaphragm, 
as indicated by the final volume of pentose distribution, was enhanced 
when the hormone was injected into the rat 15 to 30 minutes prior to being 


k 
S 
c 


5 & 


D. M. KIPNIS AND C. F. CORI 689 


killed. The results (Table I) indicate that insulin increases the rate of 
pentose penetration 2- to 3-fold and that, at equilibrium, xylose is present 
in 80 per cent instead of 50 to 55 per cent of the intracellular water. 
Attempts were made to determine the rate constants for pentose pene- 
tration into the diaphragm of the living animal in the presence and ab- 
sence of insulin. In these experiments, the volume of intracellular distri- 
bution is calculated as the ratio of intracellular pentose to plasma pentose 
concentration, and, as mentioned previously, the results obtained for 


TaBLeE I 
Rate of Penetration and Distribution Equilibrium of p-Xylose 
in Presence and Absence of Insulin 
The values represent the intracellular pentose content in mg. per ml. of intra- 
cellular water; the number of experiments are given in parentheses. 


Intracellular pentose content after incubation for Rs 
preparation Insulin ; velocity | distri- 

5 min. 10 min. 15 min. 30 min. 60 min. eer ‘we bution 

per ml min.—' | per cent 
1.00 | 0.41 (2)0.50 (2) |0.52 (2) | 0.114 52 
2.50} 1.06 (2))1.28 (6) |1.27 (2) | 0.116] 51 
4.50 | 0 1.59 (3)1.92 (6) 2.40 (18)'2.46 (12)} 0.105 | 55 
ies 4.50 | O* 3.66 (11) 81 
gerne 5.00 |} 0 1.06 (3)/1.71 (3) 2.18 (3) 2.63 (20) 2.66 (8) | 0.108 | 53 
ale .| 5.00 | 0 1.76 (2) 2.12 (2) 2.58 (6) 2.70 (6) | 0.103 | 54 
| 0.4 (2.33 (3)\3.20 (3) 3.38 (3) 3.53 (11) 3.58 (6) | 0.221 | 72 
Intact...| 4.50 | 0.70 (2) 1.27 (4) 2.48 (4) | 0.022 | 54 
“| 4.10 | 0.4 1.95 (4) 3.20 (4) 3.24 (4) | 0.063 | 80 


* Insulin (0.5 to 1.0 unit per 100 gm. of body weight) was injected subcutaneously 
15 to 30 minutes prior to the removal of the diaphragm; no insulin was added in 
vitro. 

+t Diaphragms obtained from alloxan-diabetic rats. 


intermediate periods prior to reaching equilibrium are overestimated be- 
cause of a constantly decreasing plasma value. It was possible, however, 
to determine relative rates of pentose penetration with and without insu- 
lin, and, as had been found in vitro, insulin accelerated the rate of penetra- 
tion 2- to 3-fold and increased the final volume of distribution in the dia- 
phragm of the intact animal. 

Influence of Temperature on Pentose Penetration—The results obtained 
with cut and intact diaphragm preparations are recorded in Table II. 
The basal penetration of pentose is independent of temperature over a 
range of 17-37°, whereas the insulin response exhibits a temperature de- 
pendency characterized by a Qi of 1.74 to 1.83. The Qi of the insulin 
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effect is calculated by dividing the increase in intracellular pentose at 37° 
by the increase at 27°. The temperature coefficient was also calculated 
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Fie. 5. The influence of concentration on the rate of basal xylose penetration. 
See the text regarding the determination of initial velocities. (Correction added in 
proof. The scale of the ordinate should be multiplied by 2.) 


TaBLeE II 
Influence of Temperature on v-Xylose Penetration in Presence 
and Absence of Insulin 
The values represent the intracellular pentose content in mg. per ml. of intra- 
cellular water; the number of experiments are given in parentheses. 


Intracellular after incubation at 
entose peratures 
om concen- Insulin Ore 
37° 27° 17° 12° 
ee 4.50 0 2.46 (10) | 2.40 (4) | 2.38 (4) | 1.08 (3) 1.03 
4.50 0.4 | 3.42 (11) | 3.01 (3) 1.74* 
Sanaa econ 5.00 0 2.70 (10) | 2.58 (4) | 2.50 (4) 1.05 
5.00 0.4 | 3.58 (10) | 3.13 (4) 1.83* 
Intact...... 4.50 0 1.27 (4) | 1.10 (4) 1.15 
Pr Sap emia 4.10 0.4 | 3.24 (4) | 2.20 (4) 1.79* 


* See the text regarding the method of calculating the temperature coefficient of 
the insulin response. 


from the velocity constants of pentose penetration of the insulinized intact 
diaphragm at 37° and 27°, the values of k being 0.063 and 0.036, respec- 
tively. The Qy so calculated is 1.75, which is in good agreement with the 
above calculation. 
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When the temperature of incubation is reduced to 12°, the basal penetra- 
tion is markedly decreased. As mentioned previously, 12° appears to be 
a critical temperature in regard to the physical state of the diaphragm. 
Not only is pentose penetration reduced, but the tissue appears rigid and 
swollen and exhibits a marked imbibition of water, which is equally dis- 
tributed between the extracellular and intracellular spaces. It would 
appear, therefore, that with this tissue penetration phenomena cannot be 
studied at such unphysiologically low temperatures. 

Influence of Glucose on Xylose Penetration—Neither basal pentose pene- 
tration nor the accelerated penetration after insulin is influenced in the 
cut diaphragm preparation by the presence of glucose. The intracellular 


TaBLeE III 
Influence of Glucose on v-Xylose Penetration into Cut Diaphragm in Presence 
and Absence of Insulin 


The values represent the intracellular pentose content in mg. per ml. of intra- 
cellular water. 


Intracellular pentose content after incubation with glucose concentrations 
———.. 180 mg. per cent 360 mg. per cent 540 mg. per cent 
+ - + - + - 
mg. per ml. 
1.50 0.79 0.86 0.87 0.84 0.82 0.87 
3.00 1.65 1.70 1.70 1.61 1.65 1.61 
4.50 2.52 2.46 2.41 2.46 2.42 2.54 
6.00 3.12 3.26 3.21 3.30 3.30 3.18 
4.50* 3.24 3.40 3.44 3.20 


* Insulin added in vitro = 0.4 unit per ml. of incubation medium. 


pentose content in the presence of glucose, in molar ratios to pentose of 
0.33 to 4.0, is recorded in Table III. 


DISCUSSION 


The results obtained under conditions in vivo and in vitro, with respect 
to the permeability characteristics of diaphragm muscle, were in close 
agreement. ‘This supports the idea that the diaphragm preparation de- 
scribed in this paper is a suitable test object for permeability studies in 
vitro. The isolated diaphragm preparation has the advantage that rates 
of penetration can be expressed in terms of a velocity constant which 
permits comparison of results on a quantitative basis. 

It seems clear that some cells are insulin-responsive, while others are 
not. For example, the ascites tumor cells, as shown in Paper I of this 
series, have permeability characteristics very different from those of mus- 
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cle. It has been established that glucose penetration is not rate-limiting 
in the tumor cells. In muscle, definite information about the rate of glu- 
cose penetration in relation to the rate of utilization is lacking, particularly 
in the diabetic state. Such information is required in order to support a 
theory of insulin action first proposed by Levine and Goldstein (17). The 
mechanism by which insulin produces its effect on muscle has not been es- 
tablished, and it is also unknown how the antagonists of insulin, namely 
the pituitary and adrenal secretions, exert their effect. Investigation of 
these and related problems should be facilitated by methods which permit 
the use of isolated muscle tissue for quantitative measurements of perme- 
ability to sugars. 


SUMMARY 


1. The suitability of the usual rat diaphragm preparation for studies 
of permeability im vitro with non-utilizable sugars has been examined. 
When compared with the diaphragm in the living animal, this preparation, 
with its cut muscle fibers, develops an abnormally large extracellular space 
and shows marked alterations in its permeability to pentoses. A dia- 
phragm preparation with intact muscle fibers is described which retains 
in vitro a normal extracellular space and permeability characteristics simi- 
lar to those of the diaphragm in vivo. 

2. The intracellular penetration of p-xylose in the absence of insulin 
showed a linear relationship to concentration, reversible first order reaction 
rate kinetics, a temperature coefficient (Qio) between 17-—37° close to unity, 
and a lack of competitive inhibition by glucose. These properties suggest 
that the basal pentose penetration occurs by a process of diffusion. 

3. Addition of insulin produced two effects, a 2- to 3-fold increase in 
the rate of pentose penetration and an increase in the volume of distribu- 
tion in the intracellular water at equilibrium from 50 per cent for the basal 
penetration to 80 per cent in the presence of insulin. ‘The insulin response 
was temperature-dependent with a Qi. of 1.7 to 1.8. Glucose did not 
inhibit the effect of insulin on pentose penetration. 
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The elegant experiments of Shemin (1) as well as those of the schools of 
Rimington (2), Gibson et al. (3), and Granick (4) have done much to solve 
the over-all mechanism of porphyrin biosynthesis in the avian and mam- 
malian erythrocyte. However, most of this work has dealt with the origin 
of the porphyrin moiety of heme, and relatively little is as yet known of the 
mechanism of attachment of the iron atom to the macrocyclic ring. 

Working with Hemophilus influenzae, Granick and Gilder (5) observed 
that hemin or protoporphyrin [LX could support growth of the organism. 
No metal-free porphyrin other than protoporphyrin was effective, although 
deutero-, meso-, and hematohemins were all active. These experiments 
established the “indirect evidence” for insertion of iron into protoporphyrin. 
Several years later Granick (6) found “direct evidence”’ for this reaction 
in extracts of chicken erythrocytes. However, in every case of porphyrin 
production by bacterial cultures grown at low iron levels, the extracted por- 
phyrin proved to be coproporphyrin rather than protoporphyrin. A\l- 
though the list of organisms examined has remained small (Corynebacterium 
diphtheriae (7, 8), Rhodospeudomonas spheroides (9), Bacillus cereus (10), 
and Bacillus subtilis (11), no exceptions to this rule were found. 

The present investigation has dealt with the iron and porphyrin metab- 
olism of Micrococcus lysodetkticus. This organism offers several advantages 
as an experimental subject for such a study. In the first place, it is known 
to form very large amounts of the hemoprotein, catalase (12). Secondly, 
there was the possibility that under controlled iron nutrition the organism 
could be made to excrete free porphyrins, thus providing the opportunity 
for a study of the porphyrin metabolism as a function of iron supply. Fi- 
nally, since M. lysodeikticus is susceptible to lysis by lysozyme, the work 
with whole cells could be readily extended to soluble preparations. 

The results reported in this paper show that, in either growing cultures 
or lysed cell preparations of M. lysodetkticus, an iron deficiency results in 


* Abstracted from the doctoral dissertation of Philip McNair Townsley, Uni- 
versity of California, Berkeley, California. This work was supported in part by 
grant No. G-3993 from the Department of Health, Education, and Welfare of the 
National Institutes of Health, Public Health Service. 
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the accumulation of coproporphyrin III. In addition, lysed cell prep- 
arations of this organism are capable of synthesizing coproheme from co- 
proporphyrinogen III and iron. 


Methods 


Materials—A culture of M. lysodetkticus and a highly purified prepara- 
tion of lysozyme were received from the Western Utilization Research 
Branch, Agricultural Research Service, United States Department of Agri- 
culture, Albany, California. 

The liquid medium of Wessman e¢ al. (13) was used, with three minor 
modifications; (a) the amino acid mixture was replaced with 5 gm. per liter 
of a casein acid hydrolysate, (b) the glucose content was increased to 10 
gm. per liter, and (c) the trace elements were altered, both to account for 
the elements removed in demineralization and to provide metals which 
might be involved in porphyrin metabolism. The reagent grade trace 
elements were, per liter, 0.05 mg.; CuSO,-5H,0, 0.39 
0.07 mg.; MgSO,-7H:O (recrystallized), 0.25 gm.; ZnSQ,-- 
7H,0, 0.88 mg.; and Na2,B,O7-10H20, 0.09 mg. Iron, as FeSOQ,-7H,0, was 
added at a concentration calculated from an iron versus growth curve. The 
‘low iron’! media were prepared either by 8-hydroxyquinoline extraction 
(14) or by aluminum oxide-calcium oxide absorption (15). The inoculated 
cultures, in 200 ml. of medium, were incubated on a rotary shaker at 30° 
for 48 hours. 

Lysis of M. lysodeikticus was accomplished by suspending the washed 
cells in a saline buffer solution (10 ml. of a 1 per cent NaCl solution plus 
90 ml. of 0.15 m sodium phosphate, pH 6.8) and adding approximately 1 
mg. of lysozyme per gm. of dry cells. The reaction mixture was incubated 
at 30°, and periodic measurements of the turbidity were made until lysis 
was considered to be complete. 

The 6-aminolevulinic acid was synthesized by the method of Neuberger 
and Scott (16), except that the final product was crystallized from 95 per 
cent ethanol rather than from absolute methanol. The melting point was 
151-152° (uncorrected) and the neutral equivalent was 167, as the hydro- 
chloride. The apparent ionization constants determined with the difunc- 
tional pH recorder (17) were 4.18 and 8.60 at 25°. All of these properties 
matched exactly those of an authentic sample of 6-aminolevulinic acid hy- 
drochloride obtained from Dr. David Shemin. 

Crystalline porphobilinogen was prepared enzymatically (3) from 6-ami- 
nolevulinic acid and isolated by heavy metal precipitation procedures (18). 

1 “Tow iron’”’ media refer to those in which the iron concentration is such that 


porphyrin is excreted. ‘Adequate iron’’ media are those in which a slight excess of 
iron has been added over that required to prevent porphyrin excretion. 
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The substance darkened at 130-135° and decomposed at 170—-175° (uncor- 
rected). The Ry in butanol-acetic acid solvent was 0.51, when the chroma- 
togram was either sprayed with Ehrlich reagent or heated in acetic acid 
vapor. 

Coproporphyrin III was prepared via the crystalline methyl ester (19) 
from either M. lysodetkticus or B. subtilis fermentations (11). Copropor- 
phyrinogen III was obtained by reduction of coproporphyrin III with so- 
dium amalgam (20). Authentic samples of protoporphyrin LX, copropor- 
phyrin III, coproporphyrin I, and uroporphyrin I were obtained from either 
C. H. Gray, F. MacDonald, or C. J. Watson. 

Coprohemin was synthesized from coproporphyrin III (21), and proto- 
hemin was isolated from hog blood (22). 

Procedures—Porphobilinogen was determined with the Ehrlich reagent 
(18), the crystallized compound being used as a standard. Heme com- 
pounds were extracted (23) and determined as their pyridine hemochromes 
(24). 

Coproporphyrin, hematoporphyrin, protoporphyrin, and their metal 
chelates were isolated by extraction with ether at pH 3.5 (25). Uropor- 
phyrin was isolated either by adsorption on talc, followed by elution with 
6 N NH,OH (26), or by adsorption on calcium phosphate-calcium hydroxide, 
followed by dissolution of the adsorbent in dilute HCl (27). The specific 
isomer, uroporphyrin III, was extracted from solution at pH 3.1 with ethyl 
acetate (27). The isolated porphyrins were characterized by solvent solu- 
bility (25), fractionation with HCl solutions (25), paper chromatography 
of the free (28) and esterified compounds (29), column chromatography of 
the methyl esters (30), melting points (31), and absorption spectra of the 
methyl esters (25). 


Results 
Porphyrins Excreted by Growing Cultures at Low Iron Levels 


Identification of Porphyrins—Cultivation of M. lysodeikticus in the “low 
iron’? medium resulted in the production of sufficient porphyrin to color the 
medium a deep pink. Most of this material could be extracted into ether- 
acetic acid, and from this solvent it could subsequently be removed with 
0.01 to 0.05 n HCl. Paper chromatographic analysis (28) revealed the 
presence of a single component with an R, identical with that of authentic 
coproporphyrin III. Chromatography of the methyl ester of the unknown 
porphyrin in a second solvent system (32) showed the substance to behave 
as coproporphyrin III. The methyl ester exhibited the characteristic co- 
proporphyrin III tetramethyl ester dimorphic melting point of 140° and 
157° (31). The absorption spectrum of the ester in dioxane gave principal 
maxima at 623, 568, 530, and 495 my. These figures are identical with 
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those found by us for a sample of authentic coproporphyrin III. The 
Soret band maximum was at 399 mu. The unknown porphyrin ester could 
not be separated from coproporphyrin III tetramethyl] ester by column 
chromatography on either calcium carbonate or magnesium oxide. Thus, 
the porphyrin excreted by M. lysodeikticus has been demonstrated to be 
coproporphyrin III. 

Although coproporphyrin was the only free porphyrin found in the 
growth medium, there was evidence that copper and zinc metalloporphy- 
rins were also present. For example, a non-fluorescent metalloporphyrin 
could be adsorbed on talc and eluted with acetic acid. The spectrum of 
this substance in ether-acetic acid revealed maxima at 561 (band I), 525 
(band II), and 398 (Soret band) my, (I) > (II). A second metalloporphy- 
rin could be extracted from larger scale paper chromatograms. This com- 


TABLE I 


Porphyrin Excretion by M. lysodeikticus as Function of 
Iron Added to Culture Medium 


Iron added Coproporphyrin III excreted Cell dry weight 

 atoms* pmoles® gm. 
8.85 0.05 1.55 
1.79 8.35 1.96 
1.43 6.85 1.77 
0.89 5.25 1.87 
0.18 Very slight growth 0.04 


* Per liter of medium. 


pound was strongly fluorescent and had light absorption maxima at 563 
(I), 543 (II), and 417 (Soret) my, (1) > (II). Thus the two metallopor- 
phyrins exhibited the known properties of the copper and zinc chelates of 
coproporphyrin, respectively. 

Quantitative Effect of Iron—At very low levels of iron there were little 
growth and consequently little porphyrin production. The data recorded 
in Table I show that the intermediate levels of iron were most effective in 
promoting porphyrin excretion. A point of considerable interest is the 
fact that, at certain levels, the iron acts in catalytic amounts to inhibit 
porphyrin accumulation. Thus, at the two highest levels of iron used 
(Table I), an increment of 7.1 y atoms of this element prevented the for- 
mation of 8.3 uwmoles of coproporphyrin III. 


Products of 6-Aminolevulinic Acid Metabolism by Cell Lysates 


Porphyrinogens—The fact that cell lysates of M. lysodeikticus were quite 
transparent offered a unique opportunity for direct spectral analysis d 
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these preparations during porphyrin synthesis from 6-aminolevulinic acid. 
When the amino acid was added to the lysates and incubation was carried 
out for 4 hours, under both aerobic and anaerobic conditions, practically 
no Soret band could be found. Similarly, the lysates did not show any 
fluorescence until after 4 hours, when a faint orange fluorescence appeared 
in the aerobic sample. Brief irradiation of these preparations with ultra- 
violet light caused the appearance of both fluorescence and a very intense 
Soret band. In addition, the almost colorless ether extracts of the lysates 
contained a substance which, on standing or irradiation, gave rise to rel- 
atively vast amounts of porphyrin. 

Thus, from these data it is obvious that 5-aminolevulinic acid actually 
gives rise to porphyrin derivatives which are non-fluorescent, without a 
Soret band, are soluble in ether, and readily yield porphyrin on standing 
or on exposure to ultraviolet light. The porphyrinogens are the only 
known substances which satisfy these properties. 

The synthesis of substances behaving as porphyrinogens by cell lysates 
of M. lysodeikticus will be continued to be referred to as ‘porphyrin syn- 
thesis,” since the compounds were analyzed in the oxidized form. 

Porpholilinogen—The first point of interest was the capacity of the two 
types of cell lysates, ‘‘low iron” and ‘‘adequate iron,” to synthesize the 
monopyrrole, porphobilinogen. In experiments which are not recorded in 
detail here, it was found that the amount of porphobilinogen present at 
any time in these preparations was independent of the gas phase. How- 
ever, some 20 per cent less porphobilinogen was formed per gm. of dry 
weight of the “‘adequate iron” lysates. 

Porphyrins—Since porphobilinogen occurs as a transient compound be- 
tween 6-aminolevulinic acid and porphyrin, the lower levels of the mono- 
pyrrole present in the ‘‘adequate iron” lysate could have been attributed 
either to an inability to synthesize this compound or, by an enhanced ca- 
pacity to convert it to porphyrin or metalloporphyrin. In order to de- 
cide between these alternatives, the porphyrins present in the lysates were 
extracted, identified, and analyzed quantitatively. These data were pre- 
sented in Table II. Protoporphyrin was never found, even in trace 
amounts. 

The quantity of coproporphyrin present (after 6 hours incubation) was 
a function of both the gas phase and the type of cell lysate. Thus, the 
greatest amount occurred in the “‘low iron” anaerobic preparation and the 
least amount in the ‘‘adequate iron” aerobic lysed cells. The presence 
of a small but significant fraction of difficultly extractable coproporphyrin 


_ Should be noted. Once extracted from the organic solvent layer with 1.37 


N HCl, this fraction exhibited all of the solubility and other properties of 
coproporphyrin III. This material was not identified, although, since it 


Wey 
| 
¥ 
4 
4 


700 METABOLISM OF M. LYSODEIKTICUS 


was fluorescent at all times, it may have existed in the organic solvent 
phase as the magnesium chelate of coproporphyrin III. All of the copro- 
porphyrin samples were contaminated with minor quantities of a materia] 
which behaved on paper chromatography as a pentacarboxylic acid por- 
phyrin. 

Appreciable amounts of uroporphyrin were found. With the ‘‘low iron” 
samples this was mainly uroporphyrin III, but with ‘‘ adequate iron” sam- 
ples the isomer I occurred in higher concentration. 

Effect of Added Iron—It was thus evident that some constituent of the 


TABLE II 


Porphyrins Extracted From ‘‘Low Iron’’ and ‘‘Adequate Iron’’ Lysed Cell 
Preparations of M. lysodetkticus with 6-Aminolevulinic Acid As Substrate 


The reaction mixtures contained 0.90 gm. of dry cell weight and 56 umoles of 
5-aminolevulinic acid in a volume of 50 ml., pH 6.8. Incubation was carried out at 
30° for 6 hours on the slow rotary shaker in the dark. Control samples without 
added 6-aminolevulinic acid did not yield detectable amounts of porphyrin. 


Porphyrin extracted, wmoles per gm. of dry lysed cell preparation 
iron”’ lysed cells *‘Adequate iron’’ lysed cells 
Aerobic Anaerobic Aerobic Anaerobic 
Coproporphyrin* 

0.15 n HCl extract........... 0.58 1.16 0.06 0.75 
0.11 0.04 0.02 0.01 
0.69 1.20 0.08 0.76 
Uroporphyrin I................ 0.08 0.04 0.57 0.28 
= 0.73 0.43 0.12 0.14 
Total porphyrin............... 1.50 1.67 0.77 1.18 


* Probably mainly isomer III. 


‘‘adequate iron”’ cells had a profound effect on the synthesis of copropor- 
phyrin. The simplest explanation was that this substance was either the 
iron atom itself or some derivative thereof. In order to test this hypothe- 
sis, a large patch of ‘“‘low iron” lysate was prepared, one aliquot was used 
as a control, and iron was added to each of the other aliquots at varying 
concentration. 

The results (Table III) show that it was possible to simulate the capacity 
of the ‘‘adequate iron” lysate to prevent coproporphyrin accumulation 
through the mere expedient of adding ferrous sulfate to the ‘‘low iron” 
lysate. As with the growing cells (Table 1), the iron was able to act at 
certain concentrations in catalytic amounts to suppress coproporphyrin 
production. 
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Metabolism of Coproporphyrinogen III 

Effect of Iron—The results thus far were again open to two interpreta- 
tions. Either the iron was inhibiting the formation of both porphobilinogen 
and coproporphyrin or, conversely, the iron participated in a reaction lead- 
ing to the removal of these compounds. Coproporphyrin itself could be 
recovered unchanged when this substance and excess ferrous sulfate were 
added to ‘‘low iron” lysed cell preparations. Accordingly, an experiment 
was designed in which coproporphyrinogen III and various levels of fer- 
rous sulfate were added to the ‘‘low iron” cell lysates. The results, which 


TABLE III 


Effect of Iron on Coproporphyrin Extractable from ‘‘Low Iron’’ Lysed Cell 
Preparation of M. lysodeikticus with 6-Aminolevulinic Acid As Substrate 


The reaction mixtures contained 0.36 gm. of dry cell weight, 18.1 wmoles of 6- 
aminolevulinic acid, and FeSOQ,-7H;20 at the stated concentrations in a final volume 
of 25 ml., pH 6.8. Incubation was carried out aerobically at 30° for 6 hours on the 
slow rotary shaker in the dark. 


Coproporphyrin extracted* 
Iron added 
0.15 N HCl extract 1.37 Nn HCl extract 
atoms pmolet pmolet 
nil 0.38 0.09 
0.02 0.32 0.09 
0.19 - 0.15 0.04 
0.34 0.12 0.02 
1.68 0.10 0.02 
16.83 0.07 0.01 
33.66 0.08 0.01 


* Probably isomer III. 
t Per gm. of dry lysate. 


are not given in details, revealed that the amount of coproporphyrinogen 
recovered as the corresponding porphyrin was inversely proportional to 
the added iron. | 

Effect of Inhitbitors—In order to examine in more detail the mechanism 
of action of the iron in removing coproporphyrinogen III, a number of 
inhibitors were employed. The results (Table IV) illustrate that neither 
cyanide, malonate, nor mild heat was able to abolish the effect of iron in 
preventing coproporphyrin recovery. Autoclaving the lysate for 15 min- 
utes prior to the addition of the reagents inhibited by some 50 per cent. 

Coproheme Synthesis—At this stage of the investigation it was noted 
that lysed cell preparations which had received both iron and coproporphy- 
rinogen had a distinct greenish color. Part of this color could be attributed 
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to coproheme. The latter substance was extracted and identified by hemo- 
chrome formation and paper and column chromatography, with authentic 
coprohemin as a reference standard. The highest yields of coproheme 
were obtained from the preparations containing sodium cyanide at a level 
of 0.01 m (see Table V). 


Stability of Various Porphyrins and Hemes Added to Cell Lysates 


Coproporphyrin III and protoporphyrin IX were found to be stable and 
virtually incapable of being reduced to their porphyrinogens or of accepting 


TABLE IV 
Effect of Iron and Various Inhibitors on Coproporphyrin Recovery from 
“‘Low Iron’’ Lysed Cell Preparations of M. lysodeikticus 
with Coproporphyrinogen III As Substrate 


The reaction mixtures contained 0.31 gm. of dry cell weight and 1.3 umoles of 
coproporphyrinogen III in a volume of 25 ml., pH 6.8. Incubation was carried out 
aerobically at 25° for 4.5 hours in the dark. Individual flasks contained 5 umoles 
of FeSO,-7H:0, 250 umoles of NaCN, or 1.25 mmoles of sodium malonate. Heat 
treatment consisted of exposure at 80° for 3 minutes. 


Coproporphyrin extracted* (duplicate samples) 
0.15 N HCl extract 1.37 N HCI extract 
pmolest pmolest pumolet pmolet 
Without iron.................. 3.59 3.64 0.07 0.15 
+ cyanide.......... 2.27 2.29 0.05 0.04 
ey ‘* + malonate......... 2.78 2.78 0.03 0.03 
+ mild heat......... 2.40 0.06 


* Probably isomer III. 
t Per gm. of dry lysate. 


iron in the presence of cell lysates. However, both the endogenous proto- 
heme of M. lysodeikticus and added protoheme were rapidly degraded by 
lysed cell preparations. Only traces of endogenous protoheme remained 
in 4 to 6 hour-old lysates. Although the product of this reaction was not 
identified, it was probably bile pigment. In contrast to the instability 
of protoheme, added coprohemin could be recovered quantitatively from 
cell lysates. 


Spontaneous Binding of Iron by Porphyrins and Their Precursors 


Over the past several years repeated attempts have been made in this 
laboratory to insert iron into porphyrins by a chemical process carried out 
at neutral pH and room temperature. In none of these experiments, re 
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ported in more detail elsewhere (33), have we found evidence for the 
spontaneous binding of ferrous or ferric ions by protoporphyrin, copro- 
porphyrinogen III, or during the macrocyclization of porphobilinogen to 
form uroporphyrinogen and uroporphyrin. 


TABLE V 
Coproheme Synthesis by ‘‘Low Iron’’ Lysed Cell Preparations of M. 
lysodeikticus with Coproporphyrinogen III As Substrate 


The reaction mixtures and conditions were identical with those described in 
Table IV. 


Coproporphyrin extracted® Hemin extractedt 
pmolest pmolet 

Without iron............ 3.72 Not detectable 
oyanide........... 2.33 0.19 


* Probably isomer III. Includes both 0.15 n HCl extract and 1.37 n HCl extract. 
t Calculated from the pyridine a-hemochrome band at 545 my by use of the mo- 

lecular extinction coefficient of pyridine protohemochrome at 557 my, 3.48 X 104 (24). 
t Per gm. of dry lysate. 


DISCUSSION 


The observation that substances exhibiting the properties of porphy- 
rinogens rather than porphyrins arise from 6-aminolevulinic acid is in ac- 
cord with both the current ideas of other investigators (2, 34) and the 
recent demonstration that uroporphyrinogen III gives rise to heme (35). 

The simplest explanation for the data presented in Tables I to V would 
be that an iron deficiency results in a metabolic block immediately after 
the coproporphyrinogen III stage. The accumulation of the latter sub- 
stance would then give rise to the coproporphyrin III so commonly en- 
countered. However, it is doubtful whether coproheme itself lies on the 
direct metabolic pathway of heme synthesis, since it was recovered un- 
changed from the cell lysates. The iron-binding activity of porphyrins 
in which some or all of the methene bridges are reduced has not been eluci- 
dated. It should be pointed out that the presence of methylene bridges 
would destroy the planarity of the macrocyclic porphyrin ring, thus ex- 
posing the pyrrole nitrogen atoms for possible iron binding. 

Irrespective of whether coproheme itself occurs on the pathway of heme 
synthesis, the fact remains that lysed cell preparations of M. lysodeikticus 
possess an iron insertion mechanism. The heat stability of this system 
raises the question of the enzymatic nature of the reaction. It is possible 
that porphyrins with at least some of their methene bridges reduced could 
form mixed chelate compounds with an iron donor which on intramolecular 
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oxidation-reduction could release the iron to the porphyrin ring. Natv- 


rally occurring iron chelate compounds with a high affinity for ferric and 
a low affinity for ferrous ions are known (36). 

There are at least two possible explanations for the low level of iron 
needed to remove coproporphyrin both in the growing culture and in the 
lysed cell preparations. Iron might be required for either the oxidative 
decarboxylation or the a,8 unsaturation of the carboxyethy] side chains 
of coproporphyrinogen. On the other hand, at least part of the role of 
traces of iron could be explained on the basis of the demonstrated insta- 
bility of heme itself. Such a degradation reaction would lead to a recycling 
of iron back into the main metabolic stream. 


The authors are indebted to C. H. Gray, F. MacDonald, D. Shemin, 
C. J. Watson, and H. L. Wolin for gifts of porphyrins, metabolites, and 
cultures. 


SUMMARY 


1. Growing cultures of Micrococcus lysodetkticus excreted coproporphyrin 
III when cultured at low levels of iron. 

2. In certain regions of the curve “iron added” versus ‘‘ porphyrin ex- 
creted,”’ the iron acted in less than stoichiometric amounts to prevent 
porphyrin accumulation. 

3. Compounds exhibiting the properties of porphyrinogens, rather than 
porphyrins, were synthesized from §6-aminolevulinic acid by cell lysates 
of M. lysodeikticus. 

4. The types and amounts of porphyrins formed by the lysed cells were 
a function of the initial iron level of the medium on which the organism 
had been cultivated. 

5. A “low iron’”’ (iron level low enough to cause porphyrin excretion) 
lysate gave more porphobilinogen, uroporphyrin, and coproporphyrin 
than an “‘adequate iron” (iron level high enough to prevent porphyrin 
excretion) lysate. Porphyrin formation was especially pronounced under 
anaerobic conditions. 

6. The “low iron” lysed cell preparation failed to metabolize copro- 
porphyrinogen. 

7. The disappearance of coproporphyrinogen III in the presence of iron 
could be correlated with the formation of coproheme. This reaction was 
insensitive to mild heat, but was partially destroyed by drastic heat treat- 
ment. 

8. The spontaneous binding of iron by various porphyrins and their 
precursors was investigated under approximately physiological conditions. 
No incorporation of the iron was found. 
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_ 9, The catalytic effect of iron in promoting the uptake of coproporphy- 
 rinogen III could be explained on the assumption that the iron of degraded 
heme was fed back into the heme-synthesizing system. 
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INCORPORATION OF C4-LABELED GLYCINE AND FORMATE 
BY THE ACID-SOLUBLE GUANINE AND ADENINE 
NUCLEOTIDES OF RAT LIVER 


By GEORGE ABU HAYDAR, FRANZ CHERNIGOY, AVEDIS 
KHATCHADOURIAN, anp STANLEY E. KERR 


(From the Department of Biochemistry, American University 
of Beirut, Beirut, Lebanon) 


(Received for publication, July 9, 1956) 


In a study on the biosynthesis of the acid-soluble guanine nucleotide in 
rat liver, a comparison was made of the extent of incorporation of C'- 
labeled precursors by both adenine and guanine nucleotides. The relative 
activities of the two purines were found to be strikingly different in two 
series of experiments, glycine-2-C™ having been offered in one series and 
formate-C™ in the other. 


EXPERIMENTAL 


Female albino rats weighing 120 to 170 gm. were injected intraperitone- 
ally with 1 ml. of 0.1 m C'*-labeled formate or glycine.! The rats had ac- 
cess to food and water up to the time of injection, and at intervals of 0.5 
to 12 hours they were killed. Under Amytal anesthesia, the liver was per- 
fused with cold normal] saline (1), then excised, blotted, weighed, and fro- 
zen in an ether-CO, “‘snow” mixture. The frozen liver was powdered and 
then extracted with 40 ml. of ice-cold 8 per cent trichloroacetic acid for 
30 minutes. After centrifugation, the supernatant fluid and the first wash- 
ings were combined, neutralized, and treated with mercuric acetate to pre- 
cipitate the acid-soluble nucleotides (2).2, After separation and washing 
of the precipitate by centrifugation, the nucleotides were freed from mer- 
cury by means of H.2S, and from H2S by aeration. They were then sub- 
jected to hydrolysis in N H2SO, at 100° for 1 hour. The liberated purines 
were precipitated at pH 1 by silver sulfate (4) and then extracted from 
the silver precipitate by hot NHCl. The purine hydrochlorides were taken 
to dryness in a vacuum and then dissolved in 0.4 ml. of N HCl. From this 
solution aliquots were taken for the chromatographic separation of purines 


1C'abeled formate was obtained from the Oak Ridge National Laboratories 
and glycine-2-C™ from the Radiochemical Center, Amersham, England. 

*Mercuric acetate precipitates all of the nucleotides and part of any nucleoside 
present. Earlier work from this laboratory (3) showed that in unautolyzed dog 
liver 94 per cent of the adenine and 92 per cent of the guanine in the acid-soluble 
fraction were present as nucleotides. In the nucleotide fraction, the quantities of 
adenine and guanine were 3.86 and 0.39 umoles, respectively, per gm. of liver. 
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on paper. In one experiment three solvent systems were used: isopro- 


panol-HCl (5), »-butanol-ammonia (6), and n-butanol-diethylene glycol- | 
HCl (6). Since the specific activity of the adenine and guanine spots did | 
not vary significantly with the solvent employed, the isopropanol-HC] | 


solvent system was used in subsequent work. The use of Whatman No, 
31 paper permitted the analysis of relatively large aliquots. 


After chromatographic separation, the purines were eluted, identified, | 


and estimated spectrophotometrically (6). Measured aliquots were then 
evaporated to dryness in a vacuum on glass planchets (7). Activity was 
determined in a methane-filled flow counter and specific activity (counts 
per minute per micromole) was calculated. 

In order to secure information on the possible transfer of purine or nv- 
cleotide from the acid-soluble fraction to ribonucleic acid (RNA), the latter 
was also examined. The residue which remained after extraction of the 
liver with trichloroacetic acid was freed from acid-soluble nucleotides by 
four washings with cold 2 per cent trichloroacetic acid, after which the 
Schmidt-Thannhauser procedure (8) was followed for the separation of 
RNA from deoxyribonucleic acid and protein. Purines were liberated 
from the RNA mononucleotides by acid hydrolysis, precipitated by silver 
sulfate, and extracted as hydrochloride (4). The adenine and guanine in 
this extract were adsorbed on Dowex 50 chloride and then separated by 
elution with 2 N and 3 N HCl. Aliquots of each, taken from eluates with 
the highest concentration and greatest purity, were estimated spectro- 
photometrically, and then evaporated to dryness on glass planchets for 
determination of activity as described above. 


Results 


The extent of incorporation of glycine-2-C™ into the purines of the acid- 
soluble and RNA fractions is shown in Table I. Maximal specific activity 
in both purines occurs at the 2 hour interval, diminishing to low levels 
within the next 3 hours. The ratio of the specific activities of guanine and 
adenine in the acid-soluble fraction is maximal at the half-hour period, 
diminishing over 5 hours until their activities are nearly equal. 

When formate-C™ was used as a precursor, maximal activity was again 
noted at the 2 hour interval in the purines of both the acid-soluble and 
RNA fractions (Table II). The results differ from those obtained with 
glycine in that the specific activity of the acid-soluble adenine has become 
far greater, even exceeding that of the guanine at all intervals. 

Both glycine and formate are incorporated by the acid-soluble purines 
to a far greater extent than by the RNA purines. With glycine as pre 
cursor, the activity of the RNA purines does not exceed 1.2 per cent that 
of the acid-soluble fraction within the first 3 hours. Between the 2nd and 
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the 5th hours, while the activity of the acid-soluble guanine diminishes by 


85 per cent, that of RNA guanine also decreases. 


TaBLeE I 


| Comparison of Specific Activities of Guanine (Gu) and Adenine (Ad) in Acid-Soluble 


Nucleotides and in Ribonucleic Acid of Rat Liver at Various Intervals 
after Injection of 0.1 Mmole of Glycine-2-C™ 
Total activity, 2.55 X 10°c.p.m. The results are expressed as counts per minute 
per micromole of purine. 


Acid-soluble nucleotides RNA 
Interval 
Gu Ad Gu:Ad Gu Ad 
hrs. 
0.5 800 77 10.4 8 7 
1 2470 266 9.2 17 13 
2 4690 629 7.4 35 35 
3 1995 275 7.4 23 17 
5 705 113 6.4 23 10 
8* 664 510 1.3 
8t 465 356 1.3 
12 376 426 0.9 47 21 
* Night period. 
t Day period. 
TABLE II 


Comparison of Specific Activities of Guanine (Gu) and Adenine (Ad) in Acid-Soluble 
Nucleotides and in Ribonucleic Acid of Rat Liver 
after Injection of 0.1 Mmole of Formate-C"* 
Total activity, 6.8 X 10° c.p.m. -™ results are expressed as counts per minute 
per micromole of purine. 


Acid-soluble nucleotides RNA 
Interval 

Gu Ad Gu:Ad Gu Ad 
hrs. 
0.5 1100 1400 1.27 59 24 
1 1580 1600 1.01 57 47 
2 2680 3240 1.21 200 148 
3 2170 3130 1.48 136 24 
5 280 370 1.32 57 23 


The extent of incorporation of formate into the RNA purines, although 
somewhat greater than with glycine, is likewise small compared to that 
of the acid-soluble fraction. At the end of 5 hours the RNA purines have 
the same activity as at the end of half an hour. 
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DISCUSSION 


The experiments reported here were undertaken to determine whether 
the acid-soluble guanine nucleotides serve as intermediates in the biosyn- | 
thesis of RNA guanylic acid. The results do not reveal any transfer of | 


activity from the acid-soluble purines to those of RNA. The activity 
found in the RNA purines is, in fact, so low that it may represent merely 
contamination from the acid-soluble components, in spite of the four wash- 
ings. 

The two striking features of our results are (a) the rapidity with which 
the specific activity of the acid-soluble purines reaches a maximum and 
again diminishes to a low level, and (b) the dissimilar distribution of ac- 
tivity between guanine and adenine in the acid-soluble fraction with glycine 
and formate as purine precursors. 

Bennett (9), using adenine-4,6-C™ as a precursor, calculated the half 
life of acid-soluble adenine in mouse liver to be 2.2 to 2.5 days, and that 
of RNA adenine to be 7 to 8 days. The rapidity of incorporation of gly- 
cine into acid-soluble guanine in our experiments with rats and the equally 
rapid decrease of activity suggest a half life of less than 2 hours. In order 
to eliminate the possibility that the guanine eluted from the paper 
chromatograms might be contaminated with a purine intermediate (eg. 
4-amino-5-imidazolecarboxamide) or with glycine-2-C', guanine, with 
the highest activity obtained at the 2 hour interval, was chromatographed 
again with the n-butanol-diethylene glycol-HCl system (6) with no change 
in activity. Further, the specific activity of guanine did not differ sig- 
nificantly when separated by means of three different solvent systems. 
4-Amino-5-imidazolecarboxamide was found to separate well from adenine 
and guanine with the isopropanol-HC] solvent since it had an Ry of 0.60, 
while those of guanine and adenine were 0.31 and 0.48, respectively. Other 
intermediates (10, 11) were not available for study. The possibility of 
contamination with glycine was eliminated by the following experiment. 
A solution (30 ml.) of 5 per cent trichloroacetic acid, containing 30 umoles 
of adenylic acid, 6 umoles of guanylic acid, and 50 umoles of glycine-2-C" 
with a total activity of 100,000 c.p.m., was treated with mercuric acetate. 
The precipitated nucleotide was carried through the entire procedure in 
our experiments on liver. The paper chromatogram developed in iso 
propanol-ammonia was cut into squares and examined for radioactivity 
in the counting chamber. No activity whatsoever was associated with the 
adenine and guanine spots. 

The data presented in Table I show a specific activity of guanine greatly 
in excess of that for adenine during 5 hours after injection of glycine-2-C", 
and confirm observations by LePage (12), who noted a 2.4-fold excess of 
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activity in the acid-soluble guanine in mouse liver 1 hour after administra- 
tion of the precursor. 

Edmonds and LePage (13) studied the relative specific activities of the 
acid-soluble nucleotides in rat liver and in Flexner-Jobling carcinoma at 
very short intervals after glycine-2-C" administration. Although in liver 
the adenine nucieotides became labeled before there was any significant 
labeling of the guanine nucleotides, this was not the case with the tumor, 
in which the ratio of activities (guanine to adenine) was 2.3, 5.3, and 3.1 
at intervals of 8, 15, and 30 minutes. 

Greenberg (14) demonstrated that in pigeon liver the biosynthesis of 
the acid-soluble purine nucleotides occurs via inosinic acid, and recently 
the mechanisms by which the latter is differentiated into adenosine- and 
guanosine-5-phosphates have been elucidated by several investigators 
(15-18). If the biosynthesis of these nucleotides follows similar pathways 
in mammalian liver, the relative specific activities of the adenine and gua- 
nine nucleotides should be dependent (a) on the degree of dilution by the 
existing nucleotide pools, (b) on the relative rates of conversion of inosinic 
acid to adenosine and guanosine phosphates, and (c) on the degree of inter- 
change of carbon in the purine ring with the labeled precursor. 

The results with glycine as precursor are in harmony with the assump- 
tions that within the 1st few hours there is no interchange of purine carbon 
with the glycine precursor, that the differentiation to adenine and guanine 
occurs at approximately the same rate, and that the newly formed labeled 
nucleotides are diluted unequally by the existing pools. Our analyses of 
rat liver showed the quantity of acid-soluble adenine and guanine precipi- 
tated by mercuric acetate (chiefly nucleotide)? to be 3.1 and 0.41 umoles, 
respectively, per gm. of liver. Thus, the adenine nucleotide pool is 8 times 
as great as that of guanine nucleotide. According to the results at the 
1 hour interval, the ratio of specific activity being 9.2 for guanine to ade- 
nine and the pool-size ratio 1 to 8, the rate of de novo formation of guanine 
nucleotide appears to be slightly greater than that of the adenine nucleo- 
tide. 

When formate was used as purine precursor, adenine nucleotide at each 
interval was found to have a specific activity slightly greater than that of 
guanine nucleotide. A rate of de novo synthesis of adenine more than 10 
times that of guanine nucleotide would be required to produce this result 
in the face of the dilution effect from the preformed pools of the two nu- 
cleotides, were it not for the possible exchange of labeled formate with 
carbon 2 of the entire purine nucleotide pools (19). This would tend to 
produce a ratio of specific activity for adenine and guanine dependent upon 


the reaction rates for the biosynthesis of the two nucleotides from inosinic 
acid (Table IT). 
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The fact that the methyl carbon of glycine may contribute to the for- 


mate pool (20) would lead one to expect, with glycine-2-C" as precursor, | 
a gradual equalization of labeling of the two purines, as observed with for. | 


mate-C" itself. This is actually observed in our experiments, the ratio 
of activities of guanine to adenine diminishing from 10.4 at the half-hour 
period to 0.9 at 12 hours. 


Our experiments throw no light on the fate of the C'* which leaves the | 


labeled purines of the acid-soluble fraction so rapidly after the 2nd how. 


SUMMARY 


Glycine-2-C was found to be incorporated rapidly into the acid-soluble 
guanine and adenine nucleotides, with maximal specific activity at an in- 
terval of 2 hours, followed by an equally rapid decrease. The specific ac- 
tivity of guanine nucleotide was 9.2 times that of the adenine nucleotide 
1 hour after injection of the glycine. 

Formate-C™ incorporation also was found to be maximal 2 hours after 
injection, adenine nucleotide having a higher specific activity than guanine 
nucleotide. 

During the period of rapid disappearance of activity from the acid-sol- 
uble nucleotides, no increase in activity of the ribonucleic acid purines 
was observed. 
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A STUDY OF THE BIOSYNTHESIS OF THE METHOXYL GROUPS 
OF LIGNIN IN TOBACCO PLANTS* 


By ROBERT L. HAMILL,f RICHARD U. BYERRUM, anp CHARLES D. BALL 


(From the Kedzie Chemical Laboratory, Michigan State University, 
East Lansing, Michigan) 


(Received for publication, July 19, 1956) 


Previous studies in our laboratory have been concerned with the path- 
way of carbon in the formation of methyl groups in photosynthesizing 
plants. In the biosynthesis of the N-methyl group of nicotine in tobacco 
plants, it was shown that, of several possible precursors, formaldehyde was 
incorporated to the greatest extent (1). This finding led to the suggestion 
that a “l-carbon”’ unit at the oxidation state of formaldehyde was re- 
duced to methyl groups in various plant products. It was further shown 
that the a-carbons of glycine! and glycolate and the 8-carbon of serine were 
also incorporated into the N-methyl] group of nicotine to a relatively large 
extent, although to a lesser extent than was formaldehyde (1-3). These 
results were interpreted to indicate that, in the formation of the N-methyl 
group, a 2- or 3-carbon compound is decomposed to yield the “l-carbon” 
unit at the oxidation state of formaldehyde. 

The biosynthesis of O-methyl groups, which occurs in plants but not in 
animals, likewise has received attention. The O-methyl group of the 
alkaloid, ricinine, synthesized by etiolated castor bean seedlings, was 
shown to arise from the methyl group of methionine. However, formate 
did not appear to be reduced to methyl groups in these plants (4). In 
growing, photosynthesizing barley and tobacco, the O-methyl groups of 
the cell wall constituent lignin were shown to arise either by transmethyla- 
tion from methionine or by reduction of formate or of the a-carbon of 
glycolate (3, 5). Formate was incorporated to a relatively small extent 
in comparison with methionine or glycolate. It was therefore of interest 
to study some other possible precursors of the O-methyl group which might 
occur in the metabolic pathway from carbon dioxide. 


*Supported by a grant from the Atomic Energy Commission. The data were 
taken from a thesis submitted by R. L. Hamill as part of the requirements for the 
degree of Doctor of Philosophy. 

t Present address, Eli Lilly and Company, Indianapolis, Indiana. 

' The labeled glycine was purchased from Tracerlab, Inc., Boston, Massachusetts, 
the pL-serine-3-C™ from the California Foundation for Biochemical Research, Los 
Angeles, and the formaldehyde-C™ from Isotopes Specialties Company, Inc., Glen- 
dale, California. 
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EXPERIMENTAL 


Glycine-1-C™“, glycine-2-C™, pi-serine-C“, and formaldehyde-C™ were 
fed in a nutrient solution to separate groups of tobacco plants (Nicotiana 
rustica L.) as previously described (6). ‘These compounds (1) have been 
shown to be readily absorbed by the plants through the roots. Each plant 
received 1.3 to 1.6 XK 10-5 mole of the radioactive compound with a radio- 
activity of 1 X 10° c.p.m. After a 7 day growing period, lignin was igso- 
lated from each group of plants by the procedure of Ost and Wilkening (7) 
as modified by MacDougal and DeLong (8), and measured for radio- 
activity with a thin end window Geiger-Miiller tube which had an efficiency 
of 2 per cent. The radioactivity present in methoxyl groups was ascer- 
tained by demethylation of the lignin by a modification of the method of 
Phillips in which the methy] iodide resulting from cleavage of the methoxy] 
groups with hydriodic acid was allowed to react with triethylamine to give 
methyltriethylammonium iodide (5). This compound was counted for 
radioactivity. 


TABLE I 


Comparison of Various Compounds As Precursors of 
Methoryl Groups in Tobacco Lignin 


Methyltriethylammo- Per cent recovery of 
Compound fed per counts upon 

Serine-3-C™.............. 8100 7240 90 
Formaldehyde-C™........ 4415 4350 99 
4020 3930 98 
Glycine-2-C™............. 1820 1600 88 

Glycine-1-C™............. 716 23 3.2 

Results 


The radioactivity of lignin isolated from different groups of plants fed 
glycine-1-C™, glycine-2-C", serine-3-C“, and formaldehyde-C™ is pre- 
sented in Table I. Since the molecular formula for lignin is unknown, its 
radioactivity was expressed as counts per minute per 60 mg. of lignin, this 
being a convenient quantity for counting. The counts, in all cases, were 
corrected for self-absorption. 

It may be seen that the 8-carbon of serine is introduced into lignin to the 
greatest extent, and formaldehyde to a slightly smaller extent. The 
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a-carbon of glycine was incorporated in about one-third the quantity of the 
g-carbon of serine, whereas the glycine carboxyl group was introduced in 
about one-tenth the quantity of the 6-carbon of serine. Variations in the 
radioactivity of lignin, after serine-3-C“ was fed to different groups of 
plants, were probably due to differences in seasonal rate of growth and 
metabolism. 

After feeding serine-3-C™, glycine-2-C“, and formaldehyde-C™, the ma- 
jority of the radioactivity of the lignin could be recovered upon demethyla- 
tion (Table I). However, demethylation of lignin isolated from plants fed 
glycine-1-C™ resulted in a recovery of only about 2 per cent of the radio- 
activity. Analysis of lignin for total carbon and for methoxyl carbon 
showed that about 2 to 3 per cent of the carbon in lignin is in the methoxyl 


group. 
DISCUSSION 


Previous studies of metabolism in tobacco plants have shown that, of 
several methyl group precursors, formaldehyde enters nicotine to the great- 
est extent, followed by the a-carbon of glycine and the 8-carbon of serine 
(1, 2). Because of the difference in relative degree of incorporation of 
serine into the N-methyl and O-methy] groups, as reported in the present 
study, the mechanism of formation of the nicotine methy] group and lignin 
methoxy] group would appear to be somewhat different, particularly where 
serine is &@ precursor. 

It was also suggested previously (2) that glycine might supply its nitro- 
gen to form the pyrrolidine ring nitrogen of nicotine and that its a-carbon 
might become the methyl group without separation of the 2 atoms. In 
studying the biosynthesis of lignin, it is found that the a-carbon of glycine 
enters the methoxy] group to a relatively large extent. Since the a-carbon 
of glycine must be separated from the amino nitrogen to form a methoxyl 
group, it seems reasonable to postulate that a separation of carbon from 
nitrogen to yield a l-carbon unit from glycine occurs in the synthesis 
of both nicotine and lignin. 

Because of the relatively large incorporation of the 8-carbon of serine, 
the a-carbon of glycine and formaldehyde into methyl groups, it is 
possible that these compounds may either be in, or closely related to, com- 
pounds in the pathway of conversion of carbon dioxide to methyl groups. 
The work of Wilson and Calvin (9) and of Stumpf and Horecker (10) 
suggests that glycolic acid, which was shown to be a methyl group pre- 
cursor (3), may be formed from the 1 and 2 carbons of xylulose-5-phos- 
phate, derived from ribulose-5-phosphate, by hydrolysis of the carbohy- 
drate in the presence of transketolase. Schou et al. (11) and Tolbert and 
Cohan (12) have indicated that glycolic acid, glycine, and serine are all 
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interconvertible. The carbons of glycolic acid give rise to the correspond- 
ing carbons of glycine by oxidation to glyoxylic acid and subsequent trans- 
amination. Glycolic acid also may give rise to serine, the carboxyl and 
a-carbon of the serine arising from the corresponding carbons of glycolic 
acid, and the 6-carbon of serine arising from the a-carbon of glycolic acid 
through a 1l-carbon intermediate. 

Therefore, one possible mechanism for synthesis of methyl groups in 
photosynthesis is through ribulose phosphate and xylulose phosphate to 
give a 2-carbon compound, glycolate, which may be converted to glycine 
and serine. The a-carbons of glycolate or glycine and the 8-carbon of 
serine can then yield a 1-carbon unit, at the oxidation state of formaldehyde, 
which is reducible to methy! groups (13). 


SUMMARY 


The labeled carbons of glycine-1-C™“, glycine-2-C", serine-3-C™, and 
formaldehyde-C™ were incorporated into lignin in tobacco plant metabo- 
lism. About 90 per cent of the radioactivity of the lignin was found to be 
in the methoxy] carbon after feeding glycine-2-C", serine-3-C™, and form- 
aldehyde-C™, whereas only 2 to 3 per cent of the radioactivity of lignin 
was present in the methoxyl carbon after feeding glycine-1-C™%. When 
these possible methyl group precursors were fed under similar conditions, 
serine-3-C™ was incorporated into lignin to the greatest extent, followed in 
order by formaldehyde-C", glycine-2-C", and glycine-1-C™. 
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THE BIOSYNTHESIS OF PECTINIC ACID METHYL ESTERS 
THROUGH TRANSMETHYLATION FROM METHIONINE* 


By CLIFFORD S. SATO,t RICHARD U. BYERRUM, ann CHARLES D. BALL 


(From the Kedzie Chemical Laboratory, Michigan State University, 
East Lansing, Michigan) 


(Received for publication, July 12, 1956) 


The intermolecular transfer of a methyl group from the sulfur of methio- 
nine to the nitrogen of various compounds, a well recognized reaction in 
animal metabolism (1, 2), has also been shown to occur in metabolism in 
plants (3-5). In addition, the transfer of the methyl group of methionine 
to form methyl ethers of lignin and ricinine has been demonstrated in 
higher plants (6, 7). 

In the present study, the methyl group of methionine was shown to be 
transferred intact to form methy] esters of pectinic acid! in radish plants. 


EXPERIMENTAL 


Preparation of Radish Plants—The radish plant was chosen for these 
experiments since it contains a relatively large quantity of pectic sub- 
stances and grows rapidly. To raise the plants for hydroponic administra- 
tion of the experimental substances, seeds of Raphanus sativus, Comet 
variety,? were sprouted on cheesecloth dampened with water, and were 
then grown in Hoagland’s nutrient solution (9). The container for grow- 
ing the plants was a porcelain pan covered with a piece of paraffin-coated 
cardboard, through which holes had been drilled, to support the plants. 
It was necessary to keep the roots in the dark for the radishes*® to develop. 
Under such conditions, a radish of about 1 to 1.5 cm. in diameter and an 
exuberant root system developed in 3 to 4 weeks. When the radish had 


* Work presented in this paper was performed under contract No. At(11-1)-161 
with the Atomic Energy Commission. The data were taken from a thesis presented 
by C. 8S. Sato in partial fulfilment of the requirements for the degree of Doctor of 
Philosophy. This paper was presented in part at the meeting of the American 
Chemical Society at Minneapolis, September, 1955. 
an Present address, Biology Division, California Institute of Technology, Pasadena, 

ifornia. 

‘ Pectinic acid is defined by Kertesz (8) as a partial methyl ester of polygalactu- 
ronic acid. The product isolated in the present study contained about 8.6 per cent 
methoxyl groups (—O—CH; as esters). Completely esterified polygalacturonic acid 
would contain about 16 per cent methoxyl groups. 

* The seeds were obtained from the Ferry-Morse Seed Company, Detroit, Michi- 
gan. 
* The term “‘radish”’ as used in this paper refers to the fleshy edible structure made 
up of enlarged hypocotyl and upper root of a radish plant. 
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reached this size, the plant was considered suitable for the feeding experi- 
ments. 

Isolation of Pectinic Acid and Hydrolysis of Methyl Esters—A pectinic 
acid was isolated from the radishes by a procedure described by Kerteaz 
(10). The substance isolated yielded essentially no galactose or arabinose 
upon hydrolysis and was therefore free of adhering galactan and araban, 
A procedure was also devised for isolating the carbon of the methy] ester 


mA 


VAY 


Fic. 1. Apparatus for hydrolyzing pectinic acid methyl] esters and for converting 
the resulting methanol to barium carbonate. 


groups for measurements of radioactivity. Since the methanol itself could 
not be counted for radioactivity, it was converted to BaCO;. An appa- 
ratus for hydrolysis of the esters and conversion of the liberated methanol 
to BaCOQ; is shown in Fig. 1. To accomplish the conversion of the methyl 
ester carbon to BaCO;, a weighed sample, usually about 120 mg., of pee- 
tinic acid was dispersed by warming and stirring with a magnetic stirrer 
in 8.4 ml. of H,O in ChamberI of the apparatus. A drop of water-dispersed 
Antifoam‘ was added, and the mixture was frozen by immersing the cham- 
ber in a CO,-methyl Cellosolve bath at about —75°. While the chamber 


* Dow-Corning Antifoam A, a silicone product, obtained from the Dow-Corning 
Corporation, Midland, Michigan. 
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was still in the cooling bath, 0.2 ml. of methanol, used as a carrier for the 
labeled methanol, and 3.6 ml. of 1 N NaOH were added, and the chamber 
was attached to the rest of the apparatus. A magnetic stirring bar was 
placed in Chamber II. 100 mg. of potassium iodate were added to Cham- 
ber III, and in Chamber III, A were placed 25 ml. of the combustion mix- 
ture (11) saturated with potassium iodate. Chamber IV contained 8 ml. 
of 1 Nn NaOH. Chamber V, kept in a CO.-methy! Cellosolve bath, acted 
as a trap to remove water. With the stopcocks in the position shown in 
Fig. 1, the system was evacuated. Stopcocks A, B, D, and E were then 
closed. 

The contents of Chamber I were allowed to melt and were heated, with 
stirring, to 80° to hydrolyze the esters. The contents were then cooled 
and heated again to 80° with stirring. Chamber II was warmed with a 
micro burner and Stopcock A was opened to allow distillation of methanol 
from Chamber I to Chamber II. Chamber II was then cooled with a solid 
CO.-methy] Cellosolve bath so that the methanol would condense and could 
be collected. Distillation was continued at 20—-25° until about 8 ml. of 
distillate had collected in Chamber II. The contents of Chamber II 
were then gradually heated to 80° while Chamber III was warmed with 
a micro burner. Stopcock B was carefully opened. An initial rapid dis- 
tillation occurred. Chamber III was then cooled to —75°. In order to 
prevent bumping and to aid in separation of methanol from water, Stop- 
cock B was carefully regulated until 0.5 to 1 ml. of distillate had collected 
in Chamber III. Stopcock B was closed and about 10 ml. of the combus- 
tion mixture were allowed to drip into Chamber III. Stopcock A was 
opened to admit CO,-free air and Stopcock B was turned carefully to equal- 
ize the pressure in Chambers II and III, and then immediately closed. 
Stopcock C was closed and then Stopcock D was turned to allow CO, to 
escape from Chamber III into Chamber IV. The contents of Chamber 
III were melted slowly and were next heated with a micro burner for about 
5 minutes, at which time evolution of O, from the solid potassium iodate 
had ceased. Chamber IV was then connected to an aspirator, Stopcocks 


_ Aand B were opened, and the system was flushed with CO,-free air. 


The solution in Chamber IV was then treated with 15 ml. of saturated 
Ba(OH): solution, the BaCO ; was filtered, washed, and dried, and its 
radioactivity measured. Counts of radioactivity were made with both a 
thin end window Geiger-Miiller tube and an internal flow tube. The 
efficiency of the end window tube as used was 2 per cent, whereas the effi- 
ciency of the internal flow tube was 20 per cent. 


Results 


Uptake of Methionine from Solution—Although previous work has shown 
that methionine could be absorbed by the roots of tobacco plants (12), it 
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was necessary to ascertain whether methionine was absorbed by radish | 


roots from a nutrient solution or whether destruction of the amino acid by 
root bacteria might occur. Twelve 100 ml. graduated cylinders, 10 em. 
high, each containing 40 ml. of Hoagland’s solution, 0.5 ml. of Aureomycin 
(1:1000), and 2 mg. of pL-methionine, were divided into three groups of 
four each. The roots of intact plants were placed in the first group of 
four, the second group of four contained several radish root fragments, and 
the third group was used as a control. Each graduate was wrapped with 
paper to keep out direct sunlight. After a week, the roots of the plants and 
the root fragments were removed from the cylinders, washed with water, 
and the washings added to the appropriate cylinders. Each solution was 
then filtered, concentrated in vacuo at 40° to about 10 ml., and analyzed for 
methionine by the procedure of McCarthy and Sullivan (13). No detect- 
able methionine remained in the solutions which had contained roots of 
intact plants. The concentration of methionine in the solutions in which 
root fragments had been placed was unchanged after a week, and there was 
no loss of methionine in the controls. These data were interpreted to mean 
that methionine was absorbed by radish roots and that no destruction of 
the amino acid by root microorganisms occurred. 

Radioactivity of Pectinic Acid after Administration of Methionine-Methyl- 
C'%—Two groups of between thirty and forty radish plants were placed 
individually in graduated cylinders, and each plant was fed 2 mg. of 
methyl-C™ of pi-methionine with a radioactivity of 6.09 10‘ c.p.m. 


After a 9 day growing period, the plants were removed from the nutrient — 


solution and pectinic acid was isolated from the radishes by the procedure 
already mentioned (10). The radioactivity of the isolated pectinic acid is 
presented in Table I. The counts are expressed as counts per minute per 
120 mg. of pectinic acid, a substance of variable molecular weight, at 
‘infinite thinness.””’ The pectinic acid methyl esters were then hydro- 
lyzed and the liberated methanol converted to BaCO; by the procedure de- 
scribed above. It is apparent (Table I) that, after feeding methionine 
methyl-C"™, over 90 per cent of the radioactivity of pectinic acid is located 
in the methy] ester carbon. 

To confirm this result, the sodium pectate which was left after hydrolysis 
of the methyl esters was treated with hydrochloric acid. The resulting 
mixture was centrifuged and the supernatant fluid discarded. To purify 
pectic acid, the residue was dissolved in 1 nN NaQOH, the solution was 
filtered, and the pectic acid precipitated by HCl. The precipitated ms- 
terial was then dispersed in water and precipitated from 60 per cent ethanol. 
Dispersion in water and precipitation from 60 per cent ethanol were r- 
peated. The pectic acid thus obtained was then washed with 95 per cent 
ethanol and diethyl ether and measured for radioactivity. A maximal 
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specific activity of about 60 c.p.m. per 120 mg. of pectic acid was found. 
This radioactivity corresponds to approximately 1 per cent of the radio- 
activity of the original pectinic acid. It is possible that this radioactivity 
was due to unhydrolyzed methyl] esters, but it appears more likely that it 
was an incorporation of the carbon of the methionine methyl group into the 
galacturonic acid portion of pectinic acid, possibly after conversion to carbon 
dioxide. 

Transmethylation of Methionine Methyl Group to Form Pectinic Acid—lIt 
was next of interest to ascertain whether the pectinic acid methyl esters 
might arise from methionine by way of a transmethylation reaction. For 
this study, the procedure of double labeling with C' and deuterium in the 
methyl group of methionine, as used previously, was employed (5, 6). 
To obtain doubly labeled pL-methionine, a mixture composed of 10 per cent 
methionine methyl-C" and 90 per cent deuteriomethyl methionine by 


TABLE I 


Incorporation of Carbon of Methyl Group of Methionine 
into Methyl Esters of Pectinic Acid 


Experiment No. Pectinic acid, c.p.m. per 120 mg. 
1 5140 4790 
2 3880 3680 


weight was prepared. This mixture was administered to a group of forty 
radish plants in two doses, on the Ist and the 3rd day of feeding, under the 
conditions described above. Each plant received a total of 4 mg. of the 
mixture with a radioactivity of 2.4 X 10‘c.p.m. After a 12 day growing 
period, pectinic acid was isolated from the radishes. 

The methyl] ester groups were analyzed for C'* by hydrolysis and conver- 
sion of the resulting methanol to BaCQ3;, as described previously. To ob- 
tain a solid derivative which still retained the original hydrogens of the 
methyl ester, the 2,4-dinitrobenzoate of the methanol was prepared. 
About 500 mg. of pectinic acid, suspended in 16 ml. of water, were hydro- 
lyzed with 9 ml. of 1 N NaOH, in Chamber I of the apparatus shown in 
Fig. 1. The methanol was then distilled into Chamber II until 10 ml. of 
distillate had collected. This solution was transferred to a 50 ml. test tube, 
0.5 gm. of anhydrous sodium acetate and 10 ml. of 40 per cent NaOH solu- 
tion were added, and the methyl-3,5-dinitrobenzoate was prepared by a 
modification of the method of Lipscomb and Baker (14) (m.p. 106-107°, 
as compared with 107° reported in Shriner and Fuson (15)). The results 
of the analyses for C“ and deuterium in the methionine administered and 
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in the methanol from the methy] esters of the isolated pectinic acid are pre- 
sented in Table II. The D-C*™ ratio in the methyl group of the pectinic 
acid is about 90 per cent of the D-C™ ratio in the methyl group of the 
methionine administered. This represents the percentage of the deu- 
terium, originally present in the methionine methyl group, which was 
transferred with the methyl carbon. These data indicate that some of 
the methionine methyl groups were transferred as a unit to form the pec- 
tinic acid methyl esters. This conclusion follows from the observation 
that if, in the incorporation of methionine methyl] groups into pectinic acid 
methyl esters, all of the methyl groups of methionine had been oxidized to 
the state of formaldehyde, the least possible oxidation, and then reduced 


TaBLeE II 


Deuterium and C'* in Fed Methionine and in Methyl-8, &-dinitrobenzoate 
Obtained from Isolated Pectinic Acid 


Atom per cent excess D C™ content, c.p.m. per mmole Ratio of D in 
wr) group to 
Compound C™ in methyl 
Compound | Methyl Compound Methyl group — 
group b 
(a) (b) (c) (d) (3) 
Doubly labeled | 24.5 89.8 9.0 X 10° 9.0 X 10° 9.9 X 10°§ 


DL-methionine 
Methy1-3, 5-dini- 0.060* 0.12 1.33 X 104 1.33 10¢ 9.0 X 
trobenzoate 


* This value is the average of three separate determinations for deuterium, 0.060, 
0.058, and 0.063 atom per cent excess. We are indebted to Dr. David Rittenberg 
and Laura Ponticorvo for these analyses. 


to give the methyl esters of pectinic acid, the ratio of D-C" in the methyl 
ester would have been 67 per cent of the D-C* esters of the methionine ad- 
ministered. Since over 67 per cent of the deuterium remained with the 
carbon upon transfer, it is concluded that transmethylation occurred. 


DISCUSSION 


The present study presents evidence which, for the first time, shows that 
methyl esters may be formed by a transmethylation reaction in a higher 
plant. 

It is of interest to consider possible mechanisms for the formation of 
methyl esters in pectinic acid. ‘The methyl] esters may have been formed in 
any of several ways. First, a galactose molecule, whether free or in 4 
polygalactose molecule, may have been methylated in the 6 position to give 
a methyl ether. This methoxyl group might then be oxidized to an ester. 
Second, a free galacturonic acid molecule may have been esterified, and the 
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methyl galacturonate units then polymerized, along with free galacturonic 
acid, to form pectinic acid. Finally, pectic acid, a polygalacturonide, may 
have been esterified to form pectinic acid molecules. In considering these 
possibilities, the methylation of galactose or a polygalactose seems unlikely 
since the present evidence indicates that neither galactose nor a methylated 
galactose is part of the pectinic acid molecule (16). In addition, an or- 
ganic reaction in which an ether is oxidized to an ester has not been demon- 
strated. The possibility that free galacturonic acid is esterified before 
polymerization to form pectinic acid also seems improbable, since very little 
free galacturonic acid has been found in plants (17). On the other hand, 
about 15 per cent of the total pectic substance in radishes was character- 
ized as unesterified polygalacturonic acid (18). Therefore, it seems most 
probable that protons from the carboxyl groups of galacturonic acid resi- 
dues in the pectic substances are replaced by methy] groups, some of which 
are donated by transmethylation from methionine, to form the methyl 
esters of pectinic acid. 


SUMMARY 


1. Month-old radish plants synthesized radioactive pectinic acid when 
administered methionine methyl-C“. Over 90 per cent of the radio- 
activity of the pectinic acid was in the methyl] ester carbon. 

2. The synthesis of pectinic acid methyl esters from the methionine 
methyl group was shown to involve a transmethylation reaction. 
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THE PURIFICATION AND PROPERTIES OF CYTOPLASMIC 
RIBONUCLEOPROTEIN FROM RAT LIVER* 


By MARY L. PETERMANN anp MARY G. HAMILTON 


(From the Sloan-Kettering Institute for Cancer Research, and the Sloan-Kettering 
Division, Cornell University Medical College, New York, New York) 


(Received for publication, August 2, 1956) 


Although nucleoproteins have been studied in crude fractions of mam- 
malian cytoplasm by ultracentrifugation (1-5), electrophoresis (6, 7), and 
electron microscopy (5, 8-11), previous attempts at purification have been 
unsuccessful because of the extreme instability of these substances. With 
the finding that a dialyzable material, SF present in rat liver, effectively 
preserves the nucleoprotein (7), purification became possible. The prep- 
aration of SF from calf liver and the purification of nucleoprotein from rat 
liver (by alternate cycles of low and high speed centrifugation) are de- 
scribed in this paper. Some of the physical and chemical properties of the 
purified nucleoprotein are also given. 


Materials and Methods 


Preparation of SF from Calf Liver—Fresh calf liver was chilled, skinned, 
cubed, frozen in 30 gm. lots, and stored in the deep freeze cabinet. As 
needed, 60 gm. of frozen liver were added to 240 ml. of cold water in a semi- 
micro-Waring blendor, which was run at 115 volts for 1 to 2 minutes and 
then at 50 volts for 7 to 8 minutes. Under these conditions the nuclei are 
not broken. The homogenate was centrifuged for 15 minutes at 8000 X g 
in a Servall SS-1 centrifuge in the cold. The sediment was discarded, and 
the turbid supernatant fluid was dialyzed overnight against an equal 
volume of cold distilled water on a rocking platform. The dialysate was 
lyophilized, and the gummy residue was suspended in 0.05 volume of 
water. The insoluble material was removed by centrifugation for 15 min- 
utes at 1500 X g in the cold. The supernatant solution, SF, was diluted 
with 19 volumes of water or buffer for use. 

The SF could be purified further by precipitation with ethanol. To 5 
ml. of cold concentrated SF were added 15 ml. of 95 per cent ethanol 
(cooled to —15°). The precipitate was centrifuged in a polyethylene tube 
in the Servall SS-1 centrifuge in the-cold, taken up in 20 ml. of water, and 


* The authors wish to acknowledge the assistance of the Atomic Energy Commis- 
sion (contract No. AT(30-1)-910) and the National Cancer Institute of the United 
States Public Health Service (grants No. C-471 and C-2329). 

Presented in part at the American Society of Biological Chemists, Atlantic City, 
New Jersey, April 16-20, 1956. 
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lyophilized. The residue (PSF) was dissolved in 5 ml. of water and diluted 
with 14 volumes of water or buffer for use. 

Purification of Nucleoprotein from Rat Liver—Six adult male Wistar rats 
were fasted overnight to reduce their liver glycogen. Each animal was 
lightly anesthetized with ether and injected intraperitoneally with 45 mg. 
of Nembutal. The liver was perfused (3) with 0.15 mM sodium chloride until 
it was blanched, and then with 0.25 m sucrose. It was immediately ex- 
cised and chilled, and all subsequent preparative procedures were carried 
out in the cold. The livers were forced through a stainless steel tissue 
press (3). 10 gm. of pulp were transferred to a large pestle homogenizer 
with 50 ml. of 0.25 m sucrose. The pestle was run by an electric motor at 
low speed, until the cell suspension appeared fairly free from lumps. Three 
batches were combined in the semimicro-Waring blendor and homogenized 
for 2.5 minutes at 30 volts. Microscopic examination of stained smears of 
the homogenate has shown that this procedure breaks over 80 per cent of 
the liver cells without appreciable damage to nuclei (12). The homogenate 
was centrifuged for 15 minutes at 8000 X g (Servall SS-1 centrifuge) to 
remove debris, nuclei, mitochondria, and ‘‘fluffy layer.”” The supernatant 
fluid was shell-frozen (each 100 ml. in a liter bottle) in dry ice and alcohol 
and stored in the deep freeze cabinet. 

For the purification of the nucleoprotein, 700 ml. of this extract, repre- 
senting 180 gm. of liver pulp (about eighteen livers), were partially thawed 
by immersion of the bottle in water at 40°, and then were transferred to an 
ice bath. The solution was titrated! to pH 8.3 with 0.1 n NaOH (about 
10 ml.), and 0.1 volume of 5 per cent sodium deoxycholate (pH 8.3) was 
added to disrupt the microsome structure (5, 11). The nucleoprotein was 
sedimented for 2 hours at 78,000 X g at 8° (Spinco model L ultracentn- 
fuge, No. 30 rotor). The pellets were resuspended in 60 ml. of water-SF 
with the aid of a Duroplast homogenizer. The yield of crude nucleopro- 
tein was about 400 mg. 

The further purification of the nucleoprotein, by alternate cycles of low 
and high speed centrifugation, is shown in the accompanying Diagram 1. 
Every transfer was quantitative except the recovery of the supernatant 
fluid after the low speed centrifugation. The low speed centrifugations 
were carried out in the Servall SS-1 centrifuge in a cold room at —5° 
(23,000 X g, rotor temperature about 8°), or in the No. 296 rotor of a re- 
frigerated International centrifuge (16,000 x g, rotor temperature 7°). 
The high speed centrifugations were carried out in the No. 40 rotor of the 


1 A Cambridge pH meter with dipping electrodes was used. The temperature con- 
trol was set at 10°, and 0.05 m potassium acid phthalate in an ice bath was set to read 
at pH 4.00. 

2 Obtained from the American Instrument Company. 
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D1aGRaM 1 
Purification of Nucleoprotein 


400 mg. crude nucleoprotein in 60 ml. water-SF 
Centrifuge 0.5 hr. at 23,000 X g 
| 


Sediment Supernatant fluid 
Centrifuge si hrs. at 105,000 XK g 


Pellets Supernatant fluid 


Resuspend in 60 ml. water-SF 
Repeat a steps 3 times 


Pellets 
Resuspend in 12 ml. water-PSF 


Centrifuge 1 hr. ‘g 23,000 X g 


| | 


Sediment Nucleoprotein 


Spinco model L ultracentrifuge (rotor temperature about 10°). The high 
speed pellets were gelatinous and hard to resuspend completely. The 
Duroplast homogenizer proved most effective. When it was manipulated 
by hand or by an electric motor at low speed, foaming could be avoided. 
The final pellets were transparent and dark amber in color and gave a yel- 
low solution. 

Nucleoprotein samples were prepared for electrophoretic analysis in two 
ways. Pellets were suspended in 0.10 m sodium bicarbonate-PSF and 
dialyzed overnight (on the rocking platform) against bicarbonate-PSF, 
or suspended in water-PSF, stored overnight, and adjusted to T'/2 = 0.02 
with bicarbonate-PSF just before the experiment. The nucleoprotein 
concentration was 15 to 20 mg. per ml. The ascending limb and both top 
sections of the electrophoresis cell were filled with buffer-PSF, and the 
electrode vessels were filled with plain buffer (7). In the 11 ml. cell, at 
r'/2 = 0.10, a potential gradient of 5.5 volts per cm. was applied. Photo- 
graphs were taken at 100 and 179 minutes, and the potential was applied 
for 20 minutes more, with compensation, befote sampling. At I°'/2 = 0.02, 
a potential gradient of 7.7 volts per cm. was applied for 125 minutes before 
taking pictures and 60 minutes more before sampling. Samples of nucleo- 
protein were taken from the ascending limb of the cell and samples of 
ferritin (see below) from the descending limb. 
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The crude nucleoprotein was analyzed in Veronal-chloride buffer con- 
taining SF, as described previously (7). 

Ultracentrifugal analysis was used to determine the yield, stability, and 
purity of the nucleoprotein, as well as the sedimentation coefficients. A 
concentration of about 4 mg. per ml. gave the best patterns. Since the 
nucleoprotein is much less stable in the presence of salt, each sample was 
adjusted to ['/2 = 0.10 with sodium bicarbonate-PSF just before analysis, 
At 37,020 r.p.m. and 26°, the experiments lasted only 45 minutes, and little 
instability was noted. One preparation was also examined in bicarbonate- 
PSF at P'/2 = 0.07, 0.13, and 0.17. The patterns were enlarged and traced 
over reference base-lines obtained with the solvent (0.10 m bicarbonate- 
PSF) alone, and the protein concentrations were calculated from the 
areas under the curves, with an assumed refractive index increment of 
1.87 X 10‘ for a solution containing 1 mg. per ml. (2). To calculate 
$20,w, & partial specific volume of 0.67 was used for the nucleoprotein (see 
below) and 0.55 (13) for the ferritin. The temperatures were corrected 
for the adiabatic expansion of the rotor (14). 

For analyses of nucleic acid, the nucleoprotein was extracted with cold 
trichloroacetic acid, ethanol, and hot trichloroacetic acid, by the Schneider 
procedure (15). Ribonucleic acid (RNA) was measured by the orcinol 
test, with yeast RNA as standard, and deoxyribonucleic acid (DNA) by 
the diphenylamine test (16). 

Total nitrogen was determined by semimicro-Kjeldahl analysis, and 
corrected for the nitrogen in the PSF. Since RNA is 14 per cent nitrogen, 
protein nitrogen was calculated as total N — 0.14 &K RNA, and protein 
was estimated to be protein N X 6.25. 

For the determination of dry weight, a sample containing about 30 mg. 
of nucleoprotein was dried at room temperature in a vacuum desiccator 
over P,Os, then in a vacuum oven at 50°. 

For cholesterol, 25 mg. of nucleoprotein were analyzed by the method of 
Abell et al. (17). 

For analysis of phospholipide, 15 mg. of nucleoprotein were extracted 
with cold trichloroacetic acid. The precipitate was extracted three times 
with 8 ml. of ethanol-ether. The combined extracts were evaporated to 
dryness, digested, and analyzed (18).* 


Results 


The SF was stable for weeks in the cold and withstood heating for 15 


minutes at 100°. After dilution with water, it had a conductivity equal to 
that of 0.007 m KCl. It preserved the nucleoprotein effectively and did 
not interfere with ultracentrifugal or electrophoretic analyses. Its optical 


? We are indebted to Dr. Marion Barclay for these analyses. 
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density, at 260 my in a 1 cm. cell, was 3.1, however, and it contained 0.17 
mg. of nitrogen per ml., enough to interfere with chemical analyses on the 
final preparations. The ethanol precipitate, PSF, had a conductivity 
equivalent to that of 0.003 m KCl, an optical density of 0.15, and contained 
only 0.01 mg. of nitrogen per ml.; it was used for resuspending the final 


pellets, since it would not interfere with chemical analyses. 


Electrophoretic patterns of the crude nucleoprotein are shown in Fig. 1, 
toprow. The large fast boundaries represent the nucleoprotein, which had 
an average descending mobility of —7.9 sq. cm. per sec. per volt in Veronal- 
chloride buffer of ionic strength 0.10 at pH 8.6 (7). There was also a large 
amount of material of intermediate or low mobility and a large stationary 
glycogen boundary (these animals had not been fasted). The stability of 
glycogen in sucrose media is well known (5). These preparations were 
quite turbid; the mobility of the turbidity (7) was —5.3, similar to that 
of the microsome protein prior to deoxycholate treatment, which is about 
—5.0 (6). 

Patterns obtained on the purified nucleoprotein are also shown in Fig. 1. 
In the middle row is a preparation dialyzed for 16 hours against 0.1 m 
bicarbonate-SF. It showed large colorless nucleoprotein boundaries (de- 
scending mobility —8.7). A slight turbidity accompanied a slower bound- 
ary, which was much larger in the ascending limb. The descending salt 
boundary was small, showing that most of the glycogen had been removed. 
There was about 10 per cent of material of intermediate mobility. About 
half of this, the Y boundary, was yellow, and gave a strong ferrocyanide 
test for iron. A sample of this material (separated by electrophoresis) and 
a sample of a whole nucleoprotein preparation were tested with an anti- 
serum to dog ferritin (19). Brown precipitates typical of ferritin were 
obtained with both samples.‘ 

Although SF prevented major destruction of the nucleoproteins during 
dialysis and electrophoresis in 0.1 M bicarbonate, some degradation did 
occur. A small free RNA boundary was noted in the pictures at 100 
minutes, and ultracentrifugal analysis showed about 20 per cent dissocia- 
tion to component E, as described below. Thus this procedure was ade- 
quate for electrophoretic analysis, but not for separating undamaged nu- 
cleoprotein from ferritin. It was also important to ascertain how much of 
the inhomogeneity was the result of dissociation. Electrophoretic analy- 
ses were therefore carried out on undialyzed nucleoprotein in 0.02 mM sodium 
bicarbonate-PSF, as shown in the bottom row of Fig. 1. The patterns were 
reasonably symmetrical, and the separation from ferritin was just as good. 


‘We are indebted to Dr. Abraham Mazur of Cornell University Medical College 
for these tests. Dr. Mazur has found (unpublished results) that an antiserum to 
dog ferritin cross-reacts strongly with rat ferritin. 
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J 
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Fig. 1. Electrophoretic patterns. Top row, crude nucleoprotein in “Verona! 
chloride buffer, pH 8.6, and '/2 = 0.10, after 205 minutes at 5.3 volts percm. Middle 
row, purified nucleoprotein dialyzed against bicarbonate, pH 8.3, and r'/2 = 0.10, 
after 179 minutes at 5.5 volts per cm. Bottom row, purified nucleoprotein in bicar- 
bonate, '/2 = 0.02; descending pH = 7.6, ascending pH = 8.2; after 125 minutes at 
7.7 volts percm. T = turbidity, Y = ferritin. SF was present throughout. 
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The ascending boundary was still quite complex, although nucleoprotein 
recovered from the ascending limb of the cell gave an ultracentrifuge pat- 
tern very similar to that obtained on the fresh material. The descending 
boundary also showed considerable spreading, which was suggestive of 
electrical heterogeneity. ‘There was 3 per cent ferritin, and an additional 
slow boundary, about 4 per cent of the total, appeared only on the ascend- 
ing side. 

The ultracentrifuge pattern of the crude nucleoprotein is shown in Fig. 
2,1. In addition to the nucleoprotein boundaries, A, B, C, and E, a large 
amount of heterogeneous material sedimented faster than did A. This 
was shown by turbidity, which sedimented very rapidly, a large spreading 
boundary moving just ahead of A, and the large ‘“‘pile up” on the bottom 
of the cell. This material consisted chiefly of microsome fragments and 


A BCE Se BCE Ss 
1 2 

_j 


Fic. 2. Ultracentrifugal patterns. 1, crude nucleoprotein in Veronal-chloride, 
r/2 = 0.10, after 25 minutes at 37,020 r.p.m. 2, purified nucleoprotein, 3 mg. per ml. 
in 0.1 Mm bicarbonate, after 14 minutes at 37,020 r.p.m. 


glycogen. There was also a large amount of slow moving material that 
remained near the meniscus. 

In Fig. 2, 2 is shown a corresponding pattern on the purified nucleopro- 
tein. No turbidity was apparent. The “pile up” on the bottom of the 
cell was much less and only a trace of material sedimented just ahead of A. 
Five different preparations have given rather consistent patterns. The 
average concentrations were A’, 1; A,11; B, 60;C,10; and F, 11 per cent. 
The small boundary near the meniscus, S, averaged 7 per cent. This 
boundary probably represented degraded nucleoprotein, since it was present 
in the same proportion in four-cycle as in two-cycle preparations; it did not 
appear in patterns made in the absence of salt but increased with increasing 
lonic strength; and at T'/2 = 0.10 it increased slowly with time. The S 
boundary was also seen in ultracentrifuge patterns of electrophoretically 
separated nucleoprotein. 

In these experiments the ferritin concentration was only 0.2 mg. per ml., 
and no separate schlieren boundary could be distinguished. The yellow 
color traveled between the B and C boundaries. 


i 
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The yield of nucleoprotein B (the sum of A and B, as described below) 
was about 2.2 mg. per gm. of liver pulp for the crude preparation and 13 
mg. for the purified material. This loss of 40 per cent on purification 
amounts to only 10 per cent in each of the four cycles of centrifugation, 
Much of this can be ascribed to loss in the low speed centrifugation, from 
partial sedimentation of the nucleoprotein, and from incomplete recovery of 
the supernatant fluid; losses resulting from instability of the nucleoprotein 
appear to have been quite small. 

In Fig. 3 the sedimentation coefficients of component B are plotted 
against concentration (the sum of component B and all the slower bound. 
aries). The sedimentation constant, at infinite dilution, is 77.5 S. The 
line has a fairly steep slope. That this was not the result of insufficient 


T T T T 
4 


(e) 2 4 6 8 
B+SLOWER PROTEINS, MG./ML. 
Fia. 3. Sedimentation coefficients of nucleoprotein B. @ = whole nucleoprotein; 
A = nucleoprotein purified by electrophoresis at [/2 = 0.02. The regression line 
represents only the whole nucleoprotein. 


electrolyte was shown by a series of measurements at constant nucleopro- 
tein concentration (4 mg. per ml.) and varying ionic strength. The sedi- 
mentation coefficients were 73.9, 74.7, 73.9, and 74.3 S at ionic strengths 
of 0.07, 0.10, 0.13, and 0.17, so that even 0.07 m is enough bicarbonate to 
eliminate charge effects at this concentration. Since, at concentrations 
above 5 mg. per ml., the B boundary shows considerable sharpening, the 
dependence of sedimentation coefficient on concentration seems to be 4 
property of the nucleoprotein itself. Three experiments on nucleoprotein 
freed from ferritin (by electrophoresis in 0.02 m bicarbonate) are also shown 
in Fig. 3. The sedimentation coefficients are quite similar to those of the 
whole preparations. 

The density of the nucleoprotein has not yet been determined. Pre- 
liminary measurements of sedimentation rate in sucrose-heavy water mi- 
tures indicate a density near 1.5. This would correspond to a partial 
specific volume of 0.67, similar to the value found for yeast nucleoprotein 
(20). For unhydrated spheres of this density, s20,. = 77.5 S corresponds 
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to a diameter of 170 A, close to the diameters of the apparently spherical 
granules found by electron microscopy (8-11), but the dependence of sedi- 
mentation coefficient on concentration provides an argument against the 
unhydrated sphere as a model. Further physical characterization of the 
nucleoprotein is now in progress. 

Four samples of ferritin recovered from the descending limb of the 
electrophoresis cell were examined in the ultracentrifuge. Although the 
solutions contained less than 1 mg. per ml., fairly good boundaries were 
obtained, with seo. of about 63 S. Rothen (13) found seo, = 65 S for 
ferritin from horse spleen. 

The nucleoprotein contained about 40 per cent RNA on a dry weight 
basis (corrected for the ferritin). DNA and cholesterol were absent, but 
about 6 per cent of phospholipide was still present. Because of the high 
pentose content, no chemical analysis for glycogen has been attempted, 
but the small descending salt boundaries found on electrophoresis showed 
that not more than a trace of glycogen was present. 


DISCUSSION 


How many separate components occur in the cytoplasmic nucleoprotein 
isnot known. In crude liver nucleoprotein, not treated with deoxycholate, 
up to six ultracentrifugal boundaries are seen: A’’, A’, A, B, C, and E (8). 
The D boundary has been found in preparations from leucemic mouse 
spleen (2), and is occasionally seenin liver. Electrophoretic analysis in the 
absence of SF showed three or four fast moving boundaries, and an attempt 
was made to correlate the electrophoretic and ultracentrifugal patterns. 
A separate electrophoretic boundary could be attributed to C, but the A 
and B boundaries moved together (6); A seems to consist of two B particles 
in association (4). The very small fast boundaries, A’ and A’”’, seen in 
ultracentrifuge patterns of crude liver nucleoprotein (3), probably repre- 
sent three or more particles of component B in association, since no A”, 
and only traces of A’, are seen after treatment with deoxycholate.5 A 
boundary similar to E can arise from B under a variety of conditions: in 
the ascending boundary on electrophoresis in 0.1 m sodium bicarbonate-SF, 
in 0.2 mM bicarbonate-SF, on overnight dialysis against [/2 = 0.10 phos- 
phate pH 7.8 without SF, and others. Whether the amounts of F found 
in fresh nucleoprotein preparations (2, 3) have arisen from B is not known. 
An even slower boundary, F, has been noted in aged preparations. The 
slowest boundary, S, has been described above, under ‘‘Results.” 

In addition to these changes, which result in definite ultracentrifugal 


*The deoxycholate treatment has no perceptible effect on the sedimentation co- 
efficient of nucleoprotein B; a mixture of untreated and treated nucleoproteins gives 
4 single sharp boundary in the ultracentrifuge. 
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boundaries, a second type of instability is found. For example, after 
dialysis against 0.1 m buffers at pH 8.5 without SF, the size of the ultra- 
centrifugal boundaries may decrease. Although the protein and RNA are 
still present, they are now apparently polydisperse (6). The nature of 
these degradation products has not yet been determined. 

Even in the presence of SF, the stability of the nucleoprotein decreases 
on purification. Some of this change may be the result of handling and of 
time, since the purification requires about 3 days. There is also some 
stabilization by non-dialyzable impurities, however; on electrophoresis 
the nucleoprotein in the ascending boundary may dissociate, while that in 
the descending boundary shows no evidence of damage. 

Although earlier attempts to purify the nucleoprotein were unsuccessful, 
they have yielded some information on its solubility. It is precipitated by 
protamine, acid, ethanol, 0.01 m calcium acetate (21), and 0.02 zinc ace- 
tate (12). It can be separated from the other proteins in the microsome 
fraction by electrophoresis on starch in 0.05 m sodium bicarbonate, but the 
high concentration of salt required for elution (0.25 m) renders it unstable. 

The nucleoprotein of rat liver cytoplasm is very similar to the yeast nu- 
cleoprotein described by Chao and Schachman (20). Their preparation 
had a sedimentation constant of 80S and a partial specific volume of 0.67, 
and contained 44 per cent RNA andno DNA. Noelectrophoretic analyses 
were reported. The nucleoprotein was unstable, particularly in the pres- 
ence of salt; the dissociation in phosphate was similar to that found for the 
liver nucleoprotein. Calcium prevented this dissociation. That metals 
are also essential for the integrity of the liver nucleoprotein is suggested by 
the destructive effects of Versene (11, 22). 

This nucleoprotein apparently corresponds to the 100 to 150 A granules 
seen, in electron micrographs of fixed sections of whole cells, attached to 
the endoplasmic reticulum or free in the cytoplasm (8-10). The cyto- 
plasmic fraction called “microsomes” has been shown to consist chiefly of 
organized structures, with the nucleoprotein granules still attached to the 
reticulum (11). Fractions obtained at higher centrifugal forces (granules 
(23), ultramicrosomes (24)) contain a greater proportion of free nucleo- 
protein, which accounts for their higher RNA content. Most of the “cell 
sap RNA,” found in the supernatant fluid after less extensive centrifuga- 
tion (25), is also present as nucleoprotein. 

The association of RNA with protein synthesis is well known (26). The 
high rate of incorporation of labeled amino acids into microsome fractions, 
both in vivo (27, 28) and in vitro (5, 29), has now been localized in the 
nucleoprotein (5, 30). Any correlation between the structure and fune- 
tion of these substances must await more complete knowledge of their 
physical and chemical properties. Thus their electrophoretic inhome 
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geneity may be important in reflecting the variations in the ratio of amino 
acid to nucleotide that might be expected in particles which are actively 
synthesizing protein. Inhomogeneity in size or shape may also be im- 
portant; elevated levels of component C have been found in regenerating 
liver (3), several tumors, and the livers of pregnant rats (4).® 


SUMMARY 


The cytoplasmic nucleoprotein of rat liver has been extensively purified 
by alternate cycles of low and high speed centrifugation. The product 
contains 40 per cent of RNA. The principal ultracentrifugal component, 
B has a sedimentation constant of 77.5 S. 


The authors wish to thank Miss Beatrice Keshner for valuable assistance 
in many phases of this work. 
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THE CONVERSION OF ACETATE TO C,, STEROIDS BY 
HUMAN ADRENAL GLAND SLICES* 


By ERIC BLOCH,t RALPH I. DORFMAN, anp GREGORY PINCUS 


(From the Worcester Foundation for Experimental Biology, 
Shrewsbury, Massachusetts) 


(Received for publication, July 10, 1956) 


Observations of urinary 17-ketosteroid excretion in gonadectomized hu- 
man subjects and of the changes to masculinity occurring in subjects with 
adrenal tumors and hyperplasia led to the hypothesis that the adrenal cor- 
tex produces androgenic hormones. Studies on the urinary excretion of 
steroids in these cases as well as in normal females and old and castrated 
men (1), and the isolation of A‘-androstene-3 ,17-dione (androstenedione) 
(2), A‘-androstene-3,11,17-trione (adrenosterone) (3), and 38,11{-di- 
hydroxyandrostan-17-one (4) from bovine adrenal extracts implicated Cj, 
steroids as the active androgens. Recently, adrenal Ci) synthesis has been 
elucidated by the more direct means of analysis of adrenal venous blood 
and adrenal tissue work in vitro. Androstenedione, 118-hydroxy-A‘- 
androstene-3,17-dione (118-hydroxyandrostenedione), and dehydroepi- 
androsterone! have been demonstrated to be present in human adrenal 
venous blood (5-7) and fetal adrenal tissue (8, 9). Androstenedione, 118- 
hydroxyandrostenedione, and adrenosterone were identified from bovine 
adrenal perfusates (10). One or more of these compounds have also been 
found in other adrenal studies (11-17). 


EXPERIMENTAL 


The conditions of incubation of adrenal gland slices, obtained immedi- 
ately after removal from a 28 year-old female with the adrenogenital syn- 
drome, are presented in Diagram 1. Procedures for the extraction, puri- 


*This work was supported in part by the Research and Development Division, 
Office of the Surgeon General, Department of the Army, under contract No. DA-49- 
007-MD-184; by contract AT (30-1)-918, United States Atomic Energy Commission; 
and by a grant (No. 128) from the Jane Coffin Childs Memorial Fund for Medical Re- 
search, 

Presented before the American Society of Biological Chemists at a meeting of the 
Federation of American Societies for Experimental Biology, Federation Societies, 
Atlantic City, New Jersey, April 16-20, 1956. 

t Present address, Children’s Cancer Research Foundation, Boston, Massachu- 
setts. 

’ Dehydroepiandrosterone, DHA; dinitrophenylhydrazone, DNPH; adrenocortico- 
tropic hormone, ACTH. 
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DIAGRAM 1 


General Outline of Incubation of Human Adrenal Slices with Sodium 
Acetate-1-C'4 and Procedure Used in Extraction, Purification, 
and Separation of Isolated C1, Steroids 


I. Incubation 
A. Composition 
1. Control Incubation A: 2.3 gm. of human adrenal slices, 10 ml. of 
human serum, 5 mg. of glucose, 0.01 mmole of sodium fumarate, 
0.5 mc. of sodium acetate-1-C™ 
2. ACTH Incubation B: Same as Incubation A + 10 i.u. of ACTH 
(ACTHAR, Armour Laboratories) 
B. Procedure 
1. Incubated at 37° for 3 hrs.; O2-CO, (95:5) gas phase 
2. Diluted with saline; homogenized in Potter-Elvehjem homogenizer 
at 4°* 
II. Extraction of lipides 
A. Extracted 3 times with 2 volumes of ethyl acetate 
B. Extracted 3 times with 2 volumes of diethyl ether-CHCl; (4:1) 
C. Extracted once with 5, 2, and 2 volumes of acetone 
1. Removed acetone from aqueous solution by vacuum distillation 
2. Extracted residual phase 4 times with ether-CHCl; (4:1) 
D. Pooled extracts 
E. To each extract, added (2.0 to 2.1 mg. per steroid) androstenedione, DHA, 
adrenosterone, 118-hydroxyandrostenedione, pregnenolone, 17a-hy- 
droxyprogesterone, androstane-3,17-dione (1.0 mg.) 
III. Purification and separation of Ci, steroids 
A. Partitioned extract between 90% methanol and heptanet 
B. Filter paper chromatography of methanol fraction 
1. Solvent system toluene-propylene glycol (once) (18) 
a. Less polar fractions combined with overflow; washed 5 times 
with 0.1 volume of 5% NaOH 
2. Solvent system heptane-propylene glycol (twice) (19) 
C. Girard’s reagent T hydrazone formation and regeneration of individual 
free compoundstf (20) 
1. Recovery of carrier Ci, steroids: 65 to 80% 
D. Additional carrier C,, steroids added (cf. Table V1) 
E. Silica gel column chromatography of individual Ci, steroids§ 
1. Steroid eluted by 3 X 50 ml. aliquots of benzene-ethyl] acetate (from 
9:1 to 1:1) 
2. Recovery to carrier Ci, steroids: 76 to 98% 
F. Final addition of some carrier Ci, steroids (cf. Table VI) 


* Final volume of incubation mixtures, A = 120 ml., B = 150 ml. 

t Weight of methanol fraction, A = 36.2 mg., B = 45.3 mg. 

t Prior to Girard’s reagent T hydrazone formation, digitonide complex formation 
(20) was used to separate androstenedione from pregnenolone and to purify DHA 
further. 

§ 0.5 to 0.7 gm. of silica gel per column. 
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fcation, and separation of the Ci, steroids isolated are outlined in flow 
sheet form in Diagram 1. 

Determination of Radiochemical Purity—The several Cy steroid eluates 
from silica gel columns were carried through crystallization, paper chro- 
matography, countercurrent distribution, and derivative formation (chem- 
ical and enzymatic means) in order to establish their radiochemical purity. 
Radioactivity measurements were made with a Tracerlab SC-16 window- 


TaBLeE I 
Specific Activities of A‘-Androstene-3,17-dione, Dehydroepiandrosterone, and 
118-H ydrory-A‘-androstene-8 ,17-dione, Isolated from Human Adrenal Incubations 
by Dilution Technique after Crystallization and Paper Chromatography 
The specific activity is expressed in counts per minute per mg. 


118-Hydroxy-A‘- 
Procedure 
Control | ACTH | Control ACTH | Control | ACTH 
Incuba- | Incuba- | Incuba- | Incuba- | Incuba- | Incuba- 
tion A* | tion B* | tion A* | tion B* | tion A* | tion B* 
Crystallizationf 
Ist 46 96 1065 670 366 668 
2nd 184 103 1080 940 301 652 
3rd 166 116 1145 890 212 
Paper chromatography 
Heptane-propylene glycol 160 123 946 1185 209 610 
Cyclohexane-formamide 115 875 1095 
Toluene-propylene glycol 181 635 


* For details of incubation, see the text. 

t Crystallized A‘-androstene-3,17-dione from ether-methanol and hot methanol, 
dehydroepiandrosterone from ether-heptane, and 118-hydroxy-A‘-androstene-3, 17- 
dione from ethyl acetate-heptane. 


less flow counter for a period of time to assure accuracy of +5 per cent 
or better. Duplicate samples were counted whenever possible. 
Androstenedione, DHA, Adrenosterone, and 118-Hydroxyandrostenedione 
Crystallization and Paper Chromatography—Each compound was crystal- 
lized three to four times from one or two solvents (see Table I). The 
identity of the crystalline material was confirmed by infrared analysis. 
Constant specific activities (counts per minute per mg. corrected to infi- 
nite thinness) were obtained on at least two consecutive crystallizations 
except in the cases of 118-hydroxyandrostenedione (Incubation A) and 
adrenosterone. The specific activities of adrenosterone (not included in 
Table I) decreased from 35 (Incubation A) and 140 c.p.m. per mg. (Incu- 


100 

| 


740 CONVERSION OF ACETATE TO C9 STEROIDS 


bation B) (silica gel column eluate) to 0 c.p.m. per mg. (Incubations 4 


and B) after the second crystallization from hot methanol. 

Aliquots of crystalline steroids were chromatographed in the solvent 
system heptane-propylene glycol and rechromatographed in cyclohexane. 
formamide (21) or toluene-propylene glycol. The specific activities are pre. 
sented in Table I. The recovery of androstenedione (Incubation A) from 
the heptane-propylene glycol chromatogram was insufficient to permit 
further experimental work. 
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TRANSFER TUBE 
Fic. 1. Twenty transfer tube countercurrent distribution of 0.9 mg. of A‘-andro- 


stene-3,17-dione isolated from ACTH Incubation B by carrier dilution technique 
xX = specific activity. 


Countercurrent Partition—The steroids eluted from the second chromato- 
grams were carried through a twenty transfer countercurrent partition 
system as described in principle by Craig and Craig (22). 0.9 mg. d 
androstenedione (B), and 0.9 mg. (A) and 0.4 mg. (B) of DHA were par- 
titioned between mutually saturated toluene and 85 per cent methanol 
(5:6). The specific activity of androstenedione (B) in the toluene phase 
was found to be 126 (range in transfer tubes 10 to 14, 117 to 133). Both 
DHA samples distributed themselves over ten tubes, thereby indicating 
overloading of the partition system. Nevertheless, the specific activities 
in the toluene fractions were observed to be of the same order of magni- 
tude as those found with other indices: 900 c.p.m. per mg. (range, 850 te 
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950) for DHA (A) and 910 c.p.m. per mg. (range, 846 to 1070) for (B). 
In Figs. 1 and 2, weight and radioactivity are plotted against transfer tube. 
Radioactivity and weight changes agreed closely, with specific activity 
remaining essentially constant. The ternary solvent systems and experi- 
mental conditions used here, although yielding results not so precise as 
those obtainable by the countercurrent distribution method of Engel et al. 
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TRANSFER TUBE 

Fic. 2. Twenty transfer tube countercurrent distribution of 0.4 mg. of dehydroepi- 
androsterone isolated from ACTH Incubation B by carrier dilution technique. Spe- 
cific activity of dehydroepiandrosterone from control Incubation A (0) and ACTH 
Incubation B (X). 


(23), sufficed to show that the specific activities of the tested steroids did 
not differ from those found by other means. 


Derivati 

2,4-Dinitrophenylhydrazones—Crystalline steroid-2,4-dinitrophenylhy- 
drazone' reference compounds were prepared according to the methods of 
Cheronis and Entrikin (24) and Reich, Crane, and Sanfilippo (25). The 
results of elementary analysis are presented in Table II. The calculated 
and observed per cent N agree with each other to +1 to 5 per cent, a range 
also found by other workers (25-27). The values of physical characteris- 
tices are in general agreement with those reported by others (Table III). 
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TaB_e II 
Analytical Data for 2,4-Dinitrophenylhydrazones of K etosteroids 
Per cent C Per cent H Per cent N 
2,4-D phenylhyd of 

| Found |Calculated) Found | | Foung 
Dehydroepiandrosterone.......... 64.08 | 63.98 | 6.89 7.18 | 11.95 | 12.10 
64.08 | 63.88 | 6.89 7.19 | 11.95 | 12.60 
Androsterone..................... 63.81 | 63.90 | 6.89 7.19 | 11.90 
Androstane-3,17-dione............ 57.41 | 59.41 | 5.59 4.93 | 17.26 | 16.85 
A‘-Androstene-3,17-dione.......... 57.58 | 61.28 | 5.30 5.87 17.32 | 16.48 
118-Hydroxy-A‘-androstene-3, 17- 

SES a 56.18 5.17 16.90 | 16.71 
Progesterone..................... 58.75 | 58.76 | 5.68 5.52 | 16.60 | 16.33 
17a-Hydroxyprogesterone......... 57.38 | 61.70 | 5.56 5.60 | 16.19 

TaBLe III 
Physical Constants of 2,4-Dinitrophenylhydrazones of Ketosteroids 

Biblio- 
2,4-Dinitrophenylhydrazone of Melting point | Maximum emax _—*| Staph 

ence 

my 

Dehydroepiandrosterone 233 -235 | 365 2.05 X 10* | * 
241 -242 (28) 

Testosterone 206 -209 
203 390 (25) 

206 -208 | 390 2.94 X 10* | (27) 

202 .5-203 .5 (28) 

Androsterone 234 -236 
233 368 (25) 

232 .5-234 (28) 

Androstane-3,17-dione (bis-DNPH)* 262 -265 | 366 48 xX * 
253 -256 (26) 

A‘-Androstene-3,17-dione (bis-DNPH) | 285 380 xX 10°; 
280 380 (25) 

> 280 380 5.05 104 | (27) 

263 -266 | 381 (29) 

118-Hydroxy-A‘-androstene-3,17-dione | 188 -191 | 378 §.2 xX 

(bis-DN PH) 191 -193 | 377 (25) 

Progesterone (bis-DNPH) 282 -284 | 380 4.81 K 104 | * 
282 -283 | 383 (25) 
280 -283 | 380 (29) 
276 -281 | 380 5.35 & 104 | (30) 
17a-Hydroxyprogesterone (bis-DNPH)} 281 -284 | 378 3.5 
281 -285 | 376-377 | 3.39 x 10* | (2) 


* Constants determined during this study. 
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The bis-2,4-DNPH derivatives of 11-8-hydroxyandrostenedione and ad- 
renosterone were destroyed when placed on alumina columns (Aluminum 
Company of America, grade F-20, mesh 80; hydrated prior to use) for pur- 
poses of purification (25). 

Subsequent to countercurrent transfer distribution, 0.1 to 0.15 mg. of 
each steroid was deposited on about 2 sq. cm. of Whatman No. 1 filter 
paper and it reacted with a saturated solution of 2,4-dinitrophenylhydra- 
zine in 1 N HCl! for 30 minutes at room temperature. The paper was 
washed briefly and dried, and the hydrazones were eluted with chloroform. 
The dried eluates were successively chromatographed on paper in the sol- 
vent systems heptane-propylene glycol and toluene-propylene glycol to 
separate bis-2,4-DNPH (mobility of 5 to 9 cm. per hour in toluene-pro- 
pylene glycol), mono-2,4-DNPH (0.8 to 1.2 cm. per hour in heptane-pro- 
pylene glycol), free 2,4-dinitrophenylhydrazine (0.5 cm. per hour in tol- 
uene-propylene glycol), and free ketosteroids. Quantitative estimation at 
365 and 385 my for mono- and bis-2,4-DNPH steroid derivatives, respec- 
tively, and radioactivity determinations were carried out (Table IV). 

DHA Acetate—To 1.2 and 1.5 mg. of DHA (Incubations A and B, re- 
spectively), 0.75 ml. of anhydrous pyridine and 0.45 ml. of acetic anhydride 
were added. The reaction mixtures were allowed to stand for 25 hours 
and chromatographed in the solvent system heptane-propylene glycol. 
The DHA acetate zones were eluted from paper, the specific activities de- 
termined (Table IV), and the identity of the eluates established by infra- 
red absorption analysis. 

Oxidation of 118-Hydroxyandrostenedione by CrO;—0.5 mg. of 118-hy- 
droxyandrostenedione from Incubations A and B, dissolved in 0.1 ml. of 
glacial acetic acid, was allowed to react with 0.8 mg. of CrO 3 (in 0.25 ml. 
of glacial acetic acid) for 30 minutes at room temperature. 1 ml. of water 
was added; excess CrO; was reduced by the addition of Na2SO;3, and the 
solution was extracted four times with 2 ml. of ethyl acetate. The extract 
was washed with 2.5 n NaOH and water, dried over anhydrous Na2SQ,, 
and prepared for paper chromatography. Chromatography was carried 
out in the solvent system heptane-propylene glycol. The zone correspond- 
ing to adrenosterone was eluted, and its identity was confirmed by infra- 
red absorption analysis. The specific activities are listed in Table IV. 

Enzymatic Oxidation of DHA and Androstenedione by Adrenal Tissue— 
0.2 mg. of DHA from Incubations A and B, respectively, and 0.3 mg. of 
androstenedione from Incubation B were each incubated with 5 gm. of 
bovine adrenal cortical tissue paste and 15 ml. of bovine serum at 38° for 
10 minutes. The incubations were homogenized with 30 ml. of 0.9 per 
cent saline solution at 4°, extracted exhaustively with ethyl acetate and 
ether-chloroform (4:1), and the extracts partitioned between 90 per cent 
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methanol and heptane. The residues from the 90 per cent methanol frag. 
tions were redissolved in ether-chloroform (1:1), washed with 10 per cent 
NaOH and water, and analyzed in the heptane-propylene glycol paper 
chromatographic solvent system. Identification of individual Cy steroid 


TaBLe IV 


Specific Activities of Derivatives of A‘-Androstene-8 ,17-dione, Dehydroepiandrosterone, 
and 118-Hydrozy-A‘-androstene-8 ,17-dione Isolated from 
Human Adrenal Incubations by Dilution Technique 


Control Incubation A* | ACTH Incubation B* 
Steroid Derivative = | | 
2 | | 3 
A‘-Androstene-3,17- | Bis-2,4-DNPH 25 | 288 | 201 
dione. A‘-Androstene-3, 17- 12 | 104|{ 115 
dioneft 
118-Hydroxy-A‘-andro- 6 | 48] 132 
stene-3 ,17-dionef 
Dehydroepiandros- 2,4-DNPH 95 | 180 | 887 | 93 | 160] 988 
terone Acetate 567 | 655 | 1000 | 197 | 140 | 1610 
A‘-Androstene-3, 17- 118 | 120 | 982 | 135 | 120 | 1125 
dionef 
118-Hydroxy-A‘-an- Bis-2,4-DNPH 19 | 201 | 221) 74 | 324] 582 
drostene-3 , 17-di- Adrenosterone§ 38 | 166 | 229] 46 | 614 
one 


* For details of incubation, see the text. 

t The values of weight are those of derivatives, while specific activities are 
calculated on the basis of parent steroid. 

t Formed by enzymatic conversion during incubation of steroid with bovine ad- 
renal gland tissue and blood for 10 minutes at 38.2° in air. Mobility (cm. per hour) 
of reference compounds (R) and derivatives, respectively, in solvent system heptane- 
propylene glycol were as follows: A‘-androstene-3,17-dione = 2.10 (R), 2.05 and 2.18 
(from DHA), and 2.10 (from A‘-androstene-3, 17-dione) ; 118-hydroxy-A‘-androstene- 
3,17-dione = 0.10 (R) and 0.10 (from A‘-androstene-3,17-dione). 

§ Formed by CrO; oxidation procedure. 


zones on the chromatograms was based on Zimmermann and 2,4-dinitro- 
phenylhydrazine color reactions, ultraviolet light absorbancy, and flow 
rates (Table IV). 60 per cent of DHA was converted to androstenedione 
with specific activities of 982 (A) and 1125 c.p.m. per mg. (B). 11-Oxy- 
genated derivatives of androstenedione were not detected. 13 per cent of 
androstenedione (from corticotropin hormone! Incubation B) was changed 
to adrenosterone (specific activity not determined), 17 per cent to llé 
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hydroxyandrostenedione (132 c.p.m. per mg.), and 40 per cent was recov- 
ered as unchanged androstenedione (115 c.p.m. per mg.). 

Androstane-3 , 17-dione—Androstane-3 , 17-dione, from Incubations A and 
B, was purified by silica gel column chromatography, the benzene-ethy] 
acetate (9:1) eluate containing 17-ketosteroid material with specific ac- 
tivities of 790 (A) and 272 c.p.m. per mg. (B). 2.0 mg. of additional car- 
rier were added to each eluate. Both samples were crystallized several 
times from ether-ethyl acetate and methanol-ethyl acetate. Recrystal- 
lized androstane-3 ,17-dione (A) was chromatographed in the solvent sys- 


TABLE V 
Specific Activities of Androstane-3,17-dione Obtained from 
Human Adrenal Incubations by Dilution Technique 
under Various Experimental Conditions 


Control Incubation A* ACTH Incubation B* 
Experimental condition 
Total | Weight |,Speciic | Total | Weight |,Specific 
Crystallization 
Ist 89 215 275 16 115 139 
2nd 33 292 116 13 68 191 
3rd 30 238 126 11 110 100 
4th 35 478 73 
Paper chromatography in heptane- 8 290 28 
propylene glycol 
Bis-2,4-dinitrophenylhydrazonef 6 172 81 


* For detail of incubation, see the text. 
t Weight of bis-2,4-dinitrophenylhydrazone; specific activity calculated on the 
basis of free androstane-3,17-dione. 


tem heptane-propylene glycol; the sample from ACTH Incubation B was 
converted into the bis-2,4-DNPH derivative. 

From the radiochemical data in Table V, it is seen that (a) the radio- 
activity associated with carrier androstane-3,17-dione (A) approached 0 
¢.p.m. and (b) a considerable variation in the specific activity of Incuba- 
tion B (81 to 191 c.p.m. per mg.) existed. 


DISCUSSION 


The incubation of human adrenal slices with acetate-1-C™ resulted in 
the formation of radioactive androstenedione, DHA, 118-hydroxyandros- 
tenedione, and, possibly, androstane-3,17-dione, as determined by carrier 
dilution technique. 
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The “final specific” and ‘‘total original” radioactivities for all the ster. 
oids studied are summarized in Table VI. The “total original’ radio- 
activity represents the amount of radioactivity in the original incubated 
preparations as calculated from the mean “final specific” activities. The 
latter represent the mean values of all specific activities after radiochemical 
purity had been achieved, 7.e. after the second or third crystallization. 
Included in the calculations of the mean specific activities of androstene- 


TaBLeE VI 
Carrier Steroid Additions, Final Specific Activities, and Total Original 
Radioactivity of Steroids Isolated from Human Adrenal 
Incubations by Dilution Technique 


Carrier steroid addition Final specific 


activities 
original 
Steroid Incubation*® 

radioactiv- 

dame iam Total Mean and range ity 

raphyt raphy 

mg. mg. mg. C.p.m. per mg c.p.m 
Androstane-3, 17-di- Control A 4.1 2.0 6.1 0 0 
one ACTH B 4.3 2.0 6.4 = 800 3510 
A‘-Androstene-3, 17- Control A 6.3 6.3 |170 (160-184) 1,100 
dione ACTH B 7.9 2.1 | 10.0 |120 (96-132) 1,300 
Dehydroepiandros- Control A 5.0 9.0 | 14.0 {1000 (887-1145); 16,000 
terone ACTH B 7.0 9.0 | 16.0 |1100 (890-1185); 18,000 
Adrenosterone Control A 7.2 7.2 0 
ACTH B 6.2 6.2 0 
118-Hydroxy-A‘-an- Control A 5.4 2.0 7.4 |210 (181-229) 2,800 
drostene-3,17-dione} ACTH B 9.3 2.0 | 11.3 |620 (532-668) | 14,000 


* For details of the incubation, see the text. 
t The weights include original addition of 2.0 to 2.1 mg. of carrier steroids (1.0 mg. 
of androstane-3,17-dione) to adrenal extract. 


dione (B) and DHA (B), but not listed in the ranges, are the values of 
androstene-bis-2 ,4-DNPH (201 c.p.m. per mg.) and DHA-acetate (1610 
c.p.m. per mg.), respectively (Table IV). The reason for the discrepantly 
high specific activity of DHA-acetate (B) is unknown. The variations of 


the mean specific activities were from 5 to 8 per cent; the extreme varia- | 


tions of specific activities ranged from 7 to 15 per cent. These figures 
exclude the data of androstane-3,17-dione. If the precision is considered 
of the quantitative Zimmermann reaction for 17-ketosteroids (+5 to 10 
per cent), of absorbancy measurements at 240, 365, and 385 my (+2 tod 
per cent), and of radioactivity determinations (+3 to 5 per cent), the ex- 
perimental error for the sum of all determinations would be 10 to 15 per 
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cent. The variations in the mean and extreme specific activities are well 
below this limit. 

The analytical data and physical properties of the steroid-2 ,4-DNPH 
derivatives, as reported in the literature and including this paper, indicate 
small variations in their characterization, differences which appear to be 
independent of methods of preparation. These observations suggest that 
the 2,4-DNPH derivatives become contaminated by small quantities of 
degradation products during purification. Hence, it is inferred that the 
high specific activity of androstene-bis-2 ,4-DNPH and relatively low spe- 
cific activity of 118-hydroxyandrostene-bis-2 ,4-DNPH, both from ACTH 
Incubation B, were caused by the presence of small amounts of degrada- 
tion products. 

Under the conditions of the incubation, ACTH stimulated markedly the 
synthesis of Cig steroids. 20 and 33 muc. of total Cis steroids were synthe- 
sized by the control and ACTH-stimulated incubations, respectively. 
The stimulation manifested itself strikingly in the accumulation of 11£- 
hydroxyandrostenedione in the incubations, 14 myc. accumulating in the 
presence of ACTH as compared to 3 muc. in its absence. The accumula- 
tion of DHA (16 and 18 myc.) and androstenedione (1 and 1 myc.) in the 
control and ACTH-stimulated incubations was essentially identical. 

The observed ratios of DHA-androstenedione-118-hydroxyandrostene- 
dione accumulation (16:1:3 and 18:1:14) strongly indicate the presence 
of a highly active 118-hydroxylase system. The large ratio of DHA-an- 
drostenedione accumulation may be explained by one or more of the fol- 
lowing possibilities: (a) a relative deficiency in the 38-dehydrogenase 
system; (b) inhibition of 38-dehydrogenase activity under the conditions 
of the experiment; and (c) DHA is not a precursor of androstenedione. 
Some evidence for the first two alternatives is found in the relative radio- 
activity of crystalline pregnenolone (about 8000 c.p.m.) and 17a-hydroxy- 
progesterone (about 500 c.p.m.) isolated from the ACTH-stimulated ad- 
renal Incubation B. No conclusion can be drawn since a comparison with 
normal human adrenocortical tissue is lacking. 

The isolation of DHA in adrenal tissue reported here, and its presence 
in adrenal venous blood (7), adds additional evidence for adrenal origin 
of DHA. The finding of adrenal androstenedione and 11$-hydroxyan- 
drostenedione confirms other reports of the synthesis of these compounds 
by the adrenal cortex (2, 5-12). The 5-fold increase in 118-hydroxyan- 
drostenedione accumulation under ACTH stimulation is evidence for the 
concept of primary adrenal (and, obviously, testicular), rather than extra- 
adrenal (31), origin of urinary 17-ketosteroids. On the other hand, the 
absence of adrenosterone in the incubations would indicate that this 11- 
oxygenated A‘-androstene-3 , 17-dione derivative is at best a minor product 
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of human adrenal metabolism, with 11$-hydroxyandrostenedione being 
the major C, 90; steroid synthesized. These findings stand in marked cop. 
trast to adrenosterone production by bovine adrenal glands (3, 10), but 
agree well with results obtained from human adrenal venous blood studies 
(7, 11). Further, the dissociation of radioactivity from the added carrier 
adrenosterone represents an internal control of the validity of the carrier 
dilution technique employed. 

Androstane-3,17-dione production by the adrenal slices under ACTH 
stimulation may be indicated by the data of Table V. In view of the 
small number of total counts per minute (6 to 16) and the variations jn 
specific activity (which did not approach zero), no conclusions can be 
drawn with respect to androstane-3 ,17-dione synthesis. 

Correlations between Cy, incorporation into Cj), Ca, and Cz, steroids 
were not carried out in this study. Such investigations are in progress. 


SUMMARY 


Sodium acetate-1-C™ was incubated with human adrenal slices and forti- 
fied serum, with and without added corticotropin hormone (ACTH), 
The adrenal gland was obtained from a patient with adrenogenital syn- 
drome. Non-radioactive Ci, steroids were added to the extracts of the 
incubations. After extensive purification, radiochemical purity of the 
added and reisolated Cy steroids was ascertained by crystallization, paper 
chromatography, countercurrent distribution, and derivative formation by 
chemical and enzymatic means. 

The following steroids were isolated from the adrenal incubations by this 
carrier dilution technique: dehydroepiandrosterone, A‘-androstene-3, 17- 
dione, and 116-hydroxy-A‘-androstene-3 ,17-dione. Adrenosterone was not 
detected. The results indicated further the possible synthesis of andros- 
tane-3,17-dione by the ACTH-stimulated adrenal slices. 

ACTH stimulated the synthesis of total Ci, steroids. The stimulation 
manifested itself almost exclusively in the accumulation of 118-hydroxy- 
A‘-androstene-3 , 17-dione (5-fold increase in the presence of ACTH). The 
accumulations of dehydroepiandrosterone and of A‘-androstene-3 , 17-dione 
were essentially equal in the presence and absence of ACTH. From these 
data, the presence of a highly efficient adrenal 118-hydroxylase system is 
inferred. The possible reasons for the large ratio of dehydroepiandros- 
terone-A‘-androstene-3 , 17-dione accumulation (about 17:1) are discussed. 

The isolation of dehydroepiandrosterone demonstrates its biosynthesis 
by the adrenal gland. 118-Hydroxy-A‘-androstene-3 ,17-dione appears to 
be the major C190; steroid produced by human adrenocortical tissue, with 
adrenosterone, in contrast to bovine adrenals, representing at best a minor 
product. 
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The limits of error of the dilution technique of isolation are discussed. 


Analytical data of several ketosteroid-2 ,4-dinitrophenylhydrazones are 
presented and compared with those obtained by other authors. 


We are grateful to Dr. A. E. Renold, Peter Bent Brigham Hospital, 


Boston, for his cooperation in obtaining the human adrenal gland, to Dr. 
B. Baggett, Huntington Memorial Laboratories of Harvard University, at 
the Massachusetts General Hospital, and the Department of Biological 
Chemistry, Harvard Medical School, Boston, for his aid in carrying out the 
incubations, and to Dr. H. Rosenkrantz, Worcester Foundation for Experi- 
mental Biology, for carrying out the infrared analysis. 
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STUDIES ON ISOMERIC DINUCLEOTIDES DERIVED 
FROM DEOXYRIBONUCLEIC ACID* 


By M. PRIVAT pe GARILHE, LEW CUNNINGHAM, ULLA-RIITTA 
LAURILA, M. LASKOWSKI 


(From the Departments of Biochemistry and Anatomy, Marquette University 
School of Medicine, Milwaukee, Wisconsin) 


(Received for publication, July 19, 1956) 


The occurrence of isomeric dinucleotides i1 the digest of deoxyribonu- 
cleic acid (DNA) with pancreatic deoxyribonuclease (DNase I) has been re- 
cently reported by Sinsheimer (1). The isomers were of the type (d)pXpY 
or (d)pYpX,! the system of abbreviations being used which was suggested 
by Smith and Markham (2), and extended by Heppel e¢ al. (3) and Privat 
de Garilhe and Laskowski (4). Although such isomers were not separable 
on Dowex 1 columns, they were determined by Sinsheimer (1) by the use 
of two consecutive degradations by enzymes: 


tati 


(d)XpY + (@)¥pX (DX + + (AY + (d)pX 


The free mononucleotides (d)pY and (d)pX were separated by ion ex- 
change chromatography, their optical densities were determined, and the 
molar ratio (d)pY/(d)pX was calculated and was taken as equal to the 
ratio of the original dinucleotides, (d)pXpY/(d)pYpX. 

It appears that the degradation of DNA by DNase I leads exclusively, 
or almost exclusively,? to fragments terminated in 5’-phosphate. Some of 
the smaller fragments have already been identified as such, and indirect 
evidence points toward the same conclusion for the larger fragments (see 
the review by Schmidt (5)). On the other hand, the degradation of DNA 


* Supported by grants from the Atomic Energy Commission (No. AT(11-1)-293), 
the American Cancer Society (No. BCH-51), to M. Laskowski; and the National 
Cancer Institute (No. C-2128) of the National Institutes of Health, United States 
Public Health Service, to L. Cunningham. 

1 The capital letter designates a nucleoside; p preceding the capital letter signifies 
the 5’-phosphoryl group; p between two capital letters signifies the secondary phos- 
phoryl group linking the 3’-carbon of the preceding nucleoside with the 5’-carbon of 
the following nucleoside; p following the capital letter signifies a 3’-phosphory] 
group; (d) signifies that the sugar component is deoxyribose; and A signifies adeno- 
sine, G, guanosine, C, cytidine, T, thymidine, and M, methylcytidine. 

? A possible exception to 5’-terminated fragments may be fragments derived from 
the original termination of the chain. 
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by micrococcal DNase (6), or by DNase II from spleen* or from thymus‘ 
leads to mononucleotides terminated in 3’-phosphate. It was anticipated, 
therefore, that, besides the pairs of isomeric dinucleotides of the type 
(d)pXpY and (d)pYpX arising from the DNase I digests, the isomers of 
the type (d)XpYp and (d)YpXp may be encountered in digests by DNases 
of other origin. 

The present paper describes a one-step procedure by which some of the 
isomeric dinucleoside monophosphates® (products of Reaction 1) of the 
type (d)XpY and (d)YpX can be separated, as well as the identification of 
the dinucleotide (d)ApCp isolated from the digest of DNA by the miero- 
coccal DNase. 


EXPERIMENTAL 
Separation of Isomeric Dinucleoside M onophosphates 


DNA was prepared by the method of Kay, Simmons, and Dounce (8), 
and was degraded by either DNase I, purchased from the Worthington 
Biochemical Corporation, or by micrococcal DNase (6). The digests were 
first chromatographed, essentially by the technique of Sinsheimer (9), with 
a few previously described modifications (10). The peaks representing 
mixed dinucleotides were further separated by one or more chromatog- 
raphies on Dowex 1-2X columns either 0.8 K 20 or 0.8 K 35 cm. The 
dinucleotides were eluted with ammonium formate buffers, pH 4.5, of 
molarity increased stepwise from 0.1 to 0.6m. The pure dinucleotides or 
mixtures of isomeric dinucleotides, showing a constant E2¢0/E 20 ratio 
throughout the peak, were then lyophilized until free from salt and were 
dephosphorylated with prostatic phosphatase. 

Although prostatic phosphatase (11) has been widely used for the purpose 
of dephosphorylation of dinucleotides, it is known to contain some diester- 
ase activity, easily detectable with Ca[bis(p-nitropheny]) phosphate), (12). 
In order to minimize possible complications which, as was recently shown 
by Schneider and Loring (13), under conditions favorable for synthesis 
may lead to rearrangement of a dinucleotide, the prostatic phosphatase 
was purified by chromatography, according to Boman (14). The phos 
phatase thus prepared was virtually free from activity toward Calbis(p- 
nitrophenyl)phosphate],. Table I illustrates the results. 

The chromatographed phosphatase was used in all the experiments and 


3’ R. L. Sinsheimer, personal communication. 

4 Unpublished. 

’ The dephosphorylation designed to facilitate the subsequent separation of the 
products of the DNase I digest was used in 1952 by Smith and Markham (7), who, by 
combining paper chromatography and ionophoresis, isolated several dinucleoside 
monophosphates, some of which might have been mixtures of isomers, 
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the incubation was carried out at 37°, acetate buffer, pH 5.0, for 4 to 8 
hours, by using 0.05 to 0.1 ml. of the enzyme Preparation 6 (Table I) per 
sample consisting of 1 to 5 umoles of dinucleotide. The resulting digest 
was usually chromatographed on a Dowex 1-2X column to ascertain that no 
unhydrolyzed dinucleotide remained. This procedure, however, did not 


TABLE I 


Monoesterase and Diesterase Activities of Chromatographed and Non-Chromatographed 
Preparations of Prostatic Phosphatase* 


A Eqoo per min. per ml. of enzyme 
Preparation solution Ratio of diesterase to 
No. monoesterase X 104 
Diester Monoester 

Non-chromatographed lf 0.03 150.0 2.0 

2t 0.20 440.0 4.5 

3§ 0.05 170.0 3.0 
Chromatographed 4 <0.0005 7.6 <0.66 

5|| <0.0005 5.0 <1.0 

69 <0.0005 172.0 <0.03 


* Preparations and enzyme assays performed according to the directions of 
Boman (14), for raw prostate extracts ((14), Figs. 2 and 4), unless otherwise indi- 
cated. After chromatography, enzyme which was eluted at pH 5.5 to 5.8 was used 
after lyophilization and dialysis. Substrates: diester = Cal[bis(p-nitropheny]l)- 
phosphate]2; monoester = Na2(p-nitrophenylphosphate), both at 0.001 m concentra- 
tion. 

t We are indebted to Dr. P. M. Roll for this preparation made according to Loring 
et al. (15). 

t We are indebted to Dr. G. Schmidt for this preparation (11). 

§ The prostatic extract dialyzed against starting buffer (14) prior to chromatog- 
raphy. 

| Use of the pH gradient was omitted. After the resin was washed with starting 
buffer, the enzyme was eluted directly with a mixture of starting buffer and eluting 
buffer, pH 5.7. 

{ The same as the preceding footnote, except that the resin was 2 per cent cross- 
linked, and the ratio of prostate extract to resin was increased 4-fold. 


lead to a separation of isomeric dinucleoside monophosphates with the excep- 
tion of (d)ApC and (d)CpA (see Fig. 4). 

Each fraction was lyophilized and the substance was dissolved in a 
minimal amount of water, placed as a streak on Whatman No. 3 filter paper, 
and subjected to a prolonged chromatography (5 to 15 days) in the system 
of Hotchkiss (16), originally described for the separation of nucleosides. 
In this system, the dinucleoside monophosphates move very slowly, but the 
isomers of the type (d)XpY and (d)YpX separate. Fig. 1 illustrates the 
results of chromatography of the pair of isomers (d)TpC and (d)CpT, 
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and Fig. 2 shows a similar separation of the pair (d)ApG and (d)GpA, | t 
The spots thus obtained were eluted, the optical density of each sample | 0 
ORIGIN ORIGIN 
| 
t 
Fia. 1 Fig. 2 a 
Fic. 1. Chromatographic separation of isomers (d)CpT and (d)TpC. Size of the t 
sample expressed in terms of the optical density at 260 my» = 36, Whatman No. 3 c 
_ paper; development in butanol saturated with water, ammonia atmosphere accord- 5 
ing to Hotchkiss (16); duration, 6 days. ’ 
Fic. 2. Chromatographic separation of isomers (d)GpA and (d)ApG. Size of the 
sample expressed in terms of the optical density at 260 mz = 30, Whatman No. 3 t 
paper; development in butanol saturated with water, ammonia atmosphere accord- I 
ing to Hotchkiss (16); duration, 14 days. 
t 
TaB_eE II 
Relative Proportions of Some Isomeric Dinucleotides p 
Isolated from Digest of DNA by DNase I 6 
Substance Sinsheimer value Present work \\ 
per cent per cent 
(d)CpA 100 100 
(d)ApC 0 0 
(d)CpT 75 80 
(d)TpC 25 20 
(d)GpA 83 66 
(d)ApG 17 33 
(d)TpG 95 100 s 
(d)GpT 5 0 ‘ 
(d)TpA 93 100 
(d)ApT 7 0 4 
a 
was determined, and the ratio of the optical densities of (d)XpY/(d)YpX d 
was calculated and assumed to be equal to the original (d)pXpY/(d)pYpX. I 
Since no standards were available, it was necessary to subject each isomer Q 
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»A. | to degradation by phosphodiesterase (17). This resulted in the formation 
ple | of one nucleoside and one mononucleotide in equimolar proportions. A 
summary of experiments performed on several dinucleotides obtained from 
the digest of DNA by DNase I is presented in Table II. 


Identification of (d)ApCp Obtained from Digest 
of DNA by Micrococcal DNase 


The dinucleotides obtained from the degradation of DNA by micrococcal 
DNase were separated by the same technique as that used for the separa- 
tion of dinucleotides from the DNase I digest. A peak which had a spec- 
trum corresponding to that of a dinucleotide composed of deoxyadenylic 
and deoxycytidylic acids, and which, after a complete hydrolysis (18), con- 
the | tained only adenine and cytosine, was selected for identification. The 
.3 | choice was made because previous workers (1, 2) had demonstrated the ab- 
rd- | sence of the isomer (d)pApC in the DNase I digests. The same result has 
been obtained in the present study (Table II). It was conceivable that 
3 the degradation by a different enzyme would lead to either a different 
rd- | isomer or to a mixture of isomers. 

An aliquot of the peak to be identified was subjected to dephosphoryla- 
tion by prostatic phosphatase, and the resulting dinucleoside monophos- 
phate was again chromatographed on Dowex 1. It emerged as a single 
peak but at a different position from that previously established for (d)CpA 
Ze originally obtained from the DNase I digest. Therefore, an experiment 
was performed in which the unknown dinucleoside monophosphate was 
— mixed with an approximately equal amount of the known (d)CpA. The 
mixture was divided into two parts; one was chromatographed on What- 
man No. 3 paper as described above (Fig. 3), and another was chromato- 
graphed on Dowex 1 (Fig. 4). Both methods gave good separation and 
good recovery. The degradation of the lower spot (Fig. 3) and the second 
peak (Fig. 4) by phosphodiesterase (17) produced only deoxyadenosine 
and deoxycytidylic acids in equimolecular proportions. The results of 
these experiments establish the structure of the unknown dinucleoside 
monophosphate as (d)ApC. It may be noted that this experiment also 
supplied a strong confirmation for the absence of the isomer (d)pApC in 
the DNase I digest. In view of the ease of resolution, such a contaminant 
could not be overlooked. 

It remained to establish the position of the free phosphate on the original 
ai dinucleotide as obtained from the digest by micrococcal DNase. An 
aliquot of the original dinucleotide was subjected to the action of phospho- 
Xx diesterase (17). The compound was found to be extremely resistant (4). 
X. | It was necessary to use a 1000-fold greater quantity of enzyme than that 
er ordinarily used, and to increase the incubation time to 48 hours to achieve 
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a substantial degree of hydrolysis. Progress of the reaction was followed 
by paper ionophoresis. The reaction mixture was then chromatographed 


500 
ORIGIN 8.300} 
100} 
ML. 
3 Fig. 4 


Fic. 3. Paper chromatography of the artificial mixture of isomers: (d)CpA (Eo = 
12) + (d)ApC (E260 = 12). Conditions of separation the same as in Figs. 1 and 2, 
except duration of 5 days. 

Fic. 4. Column chromatography of the same artificial mixture as in Fig.3. Dowex 
1-2X column, 12 X 0.8 cm.; elution with 0.15 mM ammonium formate, pH 4.5. 


700 


Fic. 5. Chromatographic separation of the digest of (d)ApCp (E26 = 8) by puri- 
fied phosphodiesterase (1000 units). Digestion for 48 hours at 37°, pH 9.0, NaOH- 
glycine buffer. Chromatography on Dowex 1-2X column, 10 X 0.8 cm.; elution with 
ammonium formate buffers, pH 4.5, of indicated strength. Total phosphorus con- 
tent calculated for the peak marked pCp (from Sinsheimer’s values) 34 7; found, 
31.5 +. 


on Dowex 1, and the results are illustrated in Fig. 5. The first peak was 
identified as (d)A by the spectrum, the position in the elution pattern, 
ionophoresis (19), and paper chromatography (16), peak 2 as (d)pCp by 
the spectrum, position in chromatographic pattern, ionophoresis (19), and 
phosphorus content, and peak 3 as the remaining original dinucleotide by 
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the spectrum and by the position, which corresponded to that of the dinu- 
cleotide prior to the exposure to phosphodiesterase. From this experi- 
ment, the original dinucleotide was identified as (d)ApCp. 


DISCUSSION 


The new method appears to have two theoretical advantages over the 
previously used procedure (1). First, it is simpler since it does not require 
the second degradation with phosphodiesterase. Second, it minimizes the 
danger of rearrangement of a dinucleoside monophosphate, owing to a 
virtual absence of phosphodiesterase in chromatographically purified 
prostatic phosphatase. 

On the other hand, the new method might not be sufficiently sensitive to 
detect a small contamination of the isomeric dinucleoside monophosphate 
of the order of 5 per cent. The major discrepancy between the results of 
Sinsheimer (1) and the present is our failure to detect small amounts of 
isomers of (d)pApT in (d)pTpA and (d)pGpT in (d)pTpG. Two alterna- 
tive explanations for this discrepancy should be considered. The first is an 
insufficient sensitivity of our method. The crucial experiment in which 
the sensitivity might be checked, by purposely mixing the desired isomers 
in desired proportions, could not be performed because the necessary iso- 
mers were not yet available. However, if the isomer had been overlooked, 
this must have occurred during the examination of the paper strip subse- 
quent to the separation of the isomer. After the (d)TpA spot was eluted 
and hydrolyzed by phosphodiesterase, only 0.66 umole of (d)T and 0.62 
umole of (d)pA were found, and no other products. A similarly good 
qualitative and quantitative agreement was found in the case of (d)TpG. 

A second alternative would be to assume that the reported isomers repre- 
sented artifacts, possibly resulting from the action of phosphodiesterase 
contained in the preparation of prostatic phosphatase. If that were the 
case, the isomers (d)pApT and (d)pGpT should be excluded as products of 
the action of DNase I. Since it has been previously shown that (d)pApC 
((2, 1); and above) and (d)pGpM (1) are absent in DNase I digest, one is 
tempted to speculate on the specificity of DNase I by suggesting that the 
linkage (d)pPu—pPy is preferentially attacked by the enzyme, with a 
possible exception of the sequence (d)pC—pG (1). 

The identification of (d)ApCp among the products of digestion of DNA 
by micrococcal DNase also requires a comment. It has been previously 
shown by studies on enzymatic digestion that mononucleotides obtained 
from the digest of DNA by micrococcal DNase are terminated in 3’-phos- 
phate (6). The present evidence widens this conclusion to at least one 
dinucleotide, and implies that in greater part the other products resulting 
from the action of micrococcal DNase are also terminated in 3’-phosphate. 
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SUMMARY 


The method of Hotchkiss (16) originally designed for the separation of 
nucleosides has been successfully applied to a direct separation of pairs 
of isomeric dinucleoside monophosphates. The absence of the isomer 
(d)pApC in the DNase I digest was confirmed, and a possible absence of 
(d)pApT and (d)pGpT has been discussed. 

By the use of this method and the hydrolysis by phosphodiesterase (17), 
the structure of one of the dinucleotides obtained from the digest of DNA 
by micrococcal DNase was established as (d)ApCp. A previous con- 
clusion, reached upon analysis of mononucleotides, that micrococcal DNase 
degrades DNA into products terminated in 3’-phosphate has been widened 
to dinucleotides. 
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THE COPPER COMPLEXES OF MONO- AND DIIODOTYROSINE, 
THYRONINE, DI- AND TRIIODOTHYRONINE, 
AND THYROXINE 


By SIDNEY DAVIS 


(From the Medical Research Laboratory, Veterans Administration 
Hospital, Indianapolis, Indiana) 


(Received for publication, July 23, 1956) 


In a search for a general, sensitive, rapid method of analysis for the vari- 
ous iodinated amino acids and thyronine, attention was drawn to the 
copper complexes of a-amino monocarboxylic acids reported by numerous 
investigators (1-10). The combined copper has been the basis of a num- 
ber of methods of analysis of amino acids and peptides. Iodometric titra- 
tions (6, 7), a polarographic method (8), and spectrophotometric tech- 
niques (9, 10) have been described. 

A recent report of the use of flame photometry for the quantitative esti- 
mation of amino nitrogen by determination of bound copper (11) stimulated 
interest in the development of a flame photometric method for the analysis 
of five iodinated amino acids and thyronine. 

All of the methods previously described (1, 3, 6, 7, 9, 10) for the prepara- 
tion of copper complexes of a-amino monocarboxylic acids have been con- 
fined to compounds soluble in water or in water solutions of glycine or 
alanine; the iodinated amino acids and thyronine studied here introduce 
problems of solubility which have been resolved with the solvent mixture 
described in the method. 


Method 
Reagents and Solutions— 


Solvent 1. A mixture composed of 1 part n-butanol-2 parts n-propanol-1 
part 0.05 N sodium carbonate in water solution is prepared. The pH of 
this mixture is 11.8. 

Solvent IJ. A mixture composed of 1 part n-butanol-2 parts n-propanol-1 
part 0.05 nN sodium carbonate in water solution is prepared. The pH of 
this mixture is adjusted to 9.3 by the addition of small portions of HCl. 
Since this mixture has a tendency to become more alkaline upon stand- 
ing, it may be necessary to check and readjust its pH before use. 

Solvent IIIT. This mixture is composed of 1 part n-butanol-2 parts n-pro- 
panol-1 part 

Copper phosphate suspension. The initial steps of the preparation are 
essentially as described by Beauchene et al. (11). 50 ml. of copper chloride 
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solution (28 gm. of reagent grade CuCl,-2H,O, made up to 1 liter with 
water) are added with swirling to 100 ml. of a sodium phosphate solution 
(68.5 gm. of reagent grade Na;PO,-12H.2O, made up to 1 liter with water), 
The copper phosphate is removed by filtering through a Bichner funnel, 
and the precipitate is washed repeatedly with distilled water to remove 
excess sodium phosphate until the pH of the wash water approximates 7.4, 
Solvent II is passed through the precipitate until the pH of the wash solu- 
tion is 9.3. Finally, the copper phosphate is transferred to a large mortar 
with about 20 ml. of Solvent II and ground to a fine suspension, which is 
diluted to 250 ml. with Solvent II. Since this mixture has a tendency to 
become more alkaline upon standing, it is necessary to check and readjust 
its pH to 9.3 with small amounts of HCl before use. 

DL-M onotodotyrosine. The amino acid is prepared by iodination of 
DL-tyrosine in ammonia at room temperature, as described recently by 
Pitt-Rivers (12). 

pL-Diiodotyrosine (White label, Eastman Kodak). 

pL-Thyronine, pu-ditodothyronine, pL-thyroxine (Mann Research Labora- 
tories, New York). 

pL-T'ritodothyronine hydrochloride. This amino acid is prepared by iodi- 
nation of pui-diiodothyronine in a methanol-ammonia mixture at room 
temperature, as described by Gross and Pitt-Rivers (13). 

Working amino acid solutions. 10-* m solutions of pL-monoiodotyrosine, 
pL-diiodotyrosine, thyronine, pi-diiodothyronine, and pt-triiodothyronine 
in Solvent IT. 

10- mu solution of thyroxine. A 38.8 mg. sample of thyroxine is dissolved 
after shaking for 1 hour in approximately 40 ml. of Solvent I. Following 
the addition of 0.72 ml. of 0.29 n HCl, the volume is brought to 50 
ml. with Solvent I. After mixing, the pH of the solution is 9.3. It was 
not possible to dissolve thyroxine directly in Solvent IT. 

Stock standard copper solution. A 0.0005 m solution of CuCl,-2H,0 
(Baker’s, reagent grade) is prepared in Solvent III. The formation of in- 
soluble cupric hydroxide is prevented by the addition of several drops of 
concentrated HC] prior to dilution to the required volume. 


Procedure 


A 10 ml. aliquot of a 10-* to 10-4 Mm solution of the iodinated amino acid 
in Solvent II is pipetted into a 15 ml. centrifuge tube. Thyroxine solutions 
are prepared as described above. 1 ml. of the copper phosphate suspen- 
sion is added, and the mixture is shaken vigorously and allowed to stand 
for 5 minutes at room temperature. At the same time, a blank is pre- 
pared by the addition of 1 ml. of copper phosphate suspension to 10 ml. of 
Solvent II. 
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A series of working copper standards is prepared from the stock standard 
copper solution. Ten aliquots (1 through 10 ml., respectively) of the 
stock standard (5 & 10-* M cupric salt) are pipetted into centrifuge tubes. 
All copper standard solutions are diluted to 11 ml. with Solvent III, the 
blank for the copper standards being Solvent III. 

After mixture, all tubes, including standards, sample, and blanks, are 
centrifuged. By using the Beckman DU oxyhydrogen flame spectropho- 
tometer with photomultiplier attachment, each sample is analyzed. The 
instrument settings most generally employed were wave length 324.7 my, 
slit width 0.05 mm., hydrogen pressure 3 pounds per sq. in., oxygen pres- 
sure 15 pounds per sq. in., and photomultiplier sensitivity, 4. 

With the phototube shutter open, the blank for the copper complexes of 
the amino acids is atomized directly into the flame and the meter needle is 
adjusted to zero with the dark current knob. The copper complexes are 
then atomized in the flame and the reading on the per cent transmission 
scale is recorded. 

Similarly for the copper standards, the meter needle is adjusted to zero 
as Solvent III is burned in the flame, and the readings on the per cent trans- 
mission scale of the standards are recorded as they are aspirated into the 
flame. By reference to the copper standard calibration curve (Fig. 1), 
the concentration of the amino acid may be determined. 

Calculations—The concentration of amino acid (molarity) = the concen- 
tration of copper in a complex (molarity) X 2. 


EXPERIMENTAL AND DISCUSSION 


The empirical formula of the copper complexes of many of the a-amino 
monocarboxylic acids has been generally accepted to be CuAgz (7, 9, 11). 
To date, no reference in the literature to the copper complexes of the vari- 
ous iodinated amino acids of the a-amino monocarboxylic type, and of thy- 
ronine, has come to the author’s attention. It is probable that the relative 
insolubility of these amino acids in water may have contributed to the 
paucity of data upon metal complexes of iodinated amino acids. 

Solvent II, a modification of the solvent system described by Dobyns and 
Barry (14), was found to be adequate to dissolve all of the amino acids stud- 
ied, except thyroxine, at the concentration level of 10-?m. Thyroxine was 
unique in its behavior of solubility; it was not soluble directly in Solvent 
II at pH 9.3, but was soluble in Solvent I at pH 11.8. After solution of 
the thyroxine, the pH of the mixture was adjusted back to 9.3 with HCl. 
The thyroxine remained dissolved. 

The copper calibration curve (Fig. 1) indicates excellent linearity from 
approximately 0.25 X 10-4 to approximately 3.5 X 10-!m. Beyond this 
point the curve deviates from linearity. The standard deviation of each 
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COPPER CONCENTRATION (MOLARITY) COPPER CONCENTRATION (MOLARITY) 
Fia. 1 Fia. 2 
Fig. 1. A typical copper calibration curve for the flame photometric analysis of 
the amino acids described in the text. 
Fic. 2. Comparative flame photometric readings obtained with the copper com- 
plex of monoiodotyrosine and copper standards equivalent to CuAz. 
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Fic. 3. Comparative flame photometric analyses of the copper complex of thyro- 
nine and copper standards equivalent to CuAdz. 


Fic. 4. Flame photometric analyses of the copper complex of triiodothyronine 
compared with copper standards equivalent to CuA:. 
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of the ten points of the calibration curve was calculated and varied from 
+0.05 to +0.13. 

With reference to flame photometric technique, the usual precautions 
regarding the elimination of particulate matter from the aspirated sample 
cannot be overemphasized. Instability of meter needle in numerous in- 
stances has been eliminated by proper attention to centrifugation of each 
sample. The appropriate blanks should be aspirated through the burner 
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Fic. 5. The copper complex of thyroxine compared with copper standards equiva- 
lent to CuAy. Thyroxine is dissolved as described in the text. 


frequently between each sample aspiration to prevent temporary clogging 
of the burner. Due attention should be paid to proper charging of the wet 
cell battery and condition of the desiccant in both monochromator and 
phototube housing. 

Figs. 2 to 5 represent graphically the evidence for the empirical formula 
of CuA, for four of the amino acids studied. In each instance, a 10-* mM 
solution of the amino acids was prepared as described under ‘‘Method,”’ 
and serial dilutions of each amino acid with Solvent II were treated as de- 
scribed under ‘‘Method.” The flame photometric results show satisfactory 
agreement between the concentration of copper in the complexes and their 
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respective copper standards. Similar results were obtained with the re. 


maining two amino acids, diiodotyrosine and diiodothyronine. fle 
th 
in 
370 T T T T T T 
WW m 
65 af ue 
23° 
Na. — M.EQ./L. 
Fic. 6. Enhancement effect of sodium upon flame spectra of copper at 324.7 my 
Copper concentration = 107? m. 
TABLE I 
Analysis of Monoiodotyrosine (MIT), Ditodotyrosine (DIT), and Thyronine 
by Cu Binding 
Copper bound 
Compound Concentration Recovery 
Theoretical Experimental 
M p.p.m. p.p.m. per cent 
MIT 10-3 31.6 32.0 101.1 
0.8 X 10° 25.3 25.1 99.3 
0.5 X 10-3 15.8 15.6 98.8 
0.3 X 10-8 9.48 9.40 99.2 
0.2 X 10-3 6.32 6.15 97.2 
10-4 3.16 3.26 103.0 
10-3 31.6 31.8 100.5 
DIT 10° 31.6 31.4 99.3 
0.8 X 25.3 24.6 98.3 
0.5 X 10-3 15.8 15.8 100.0 
0.3 X 10-3 9.48 9.30 98.3 
0.2 X 10-8 6.32 6.32 100.0 
Thyronine 10-3 31.6 32.0 101.4 
0.8 X 10-3 25.3 25.6 101.0 
0.5 X 10-3 15.8 16.0 101.4 dl 
0.3 10-3 9.48 9.48 100.0 
0.2 10-3 6.43 101.8 
10-4 3.16 3.04 96.1 
i 
In the development of the flame photometric method, it has been neces- t! 
sary to consider the flame enhancement effect of sodium upon the copper o 


flame spectra (Fig. 6). This effect of sodium is controlled by the use of u 
Solvent II as the blank solution for flame photometric analysis. u 
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The relative enhancement effects of n-butanol and n-propanol upon the 
flame intensity of copper at 324.7 my were also studied. It was noted 
that the flame spectra of copper in butanol at 324.7 my increased the read- 
ings on the per cent transmittancy scale approximately 2-fold over that in 
water solutions, whereas in propanol the readings were increased approxi- 
mately 2.5-fold over readings in water solutions. In order to compare the 
copper complexes with the copper standards, the ratio of butanol, pro- 


TABLE II 
Analysis of Diiodothyronine (DITh), Tritodothyronine (TITh), and Thyrozine 
by Cu Binding 
Copper bound 
Compound Concentration Recovery 
Theoretical Experimental 
p.p.m. p.p.m. per cent 
DITh 10-3 31.6 31.0 97.9 
0.8 X 10-3 25.3 23.8 95.0 
0.5 X 10-3 15.8 16.3 103.2 
0.2 X 10-3 6.32 6.21 98.3 
TITh 10-3 31.6 31.4 99.2 
0.8 X 10-3 25.3 25.2 99.7 
0.5 X 10° 15.8 15.4 97.3 
0.4 X 10° 12.6 12.3 97.6 
0.3 X 10-3 9.48 9.39 99.1 
0.2 X 10-3 6.32 6.24 98.8 
10-4 3.16 3.16 100.0 
Thyroxine 10-3 31.6 32.3 102.1 
0.8 X 10-3 25.3 26.2 103.5 
0.5 X 10-3 15.8 16.1 101.8 
0.3 X 10-3 9.48 9.48 100.0 
0.2 X 10-3 6.32 6.42 101.6 
10-4 3.16 3.07 97.1 


panol, and water (1:2:1) was kept constant in both the amino acid com- 
plexes and the copper standards. 

Since the method of analysis was developed to initiate a study in the 
chromatographic separation of the iodinated amino acids, the effects of 
interferences, not encountered in the method described, have not been 
studied to date. 

The accuracy of the method, solutions of the amino acids being used, is 
indicated in Tables I and II. The analyses of monoiodotyrosine, diiodo- 
tyrosine, and thyronine show variations from 96.1 to 103 per cent recovery 
of the amino acid. Variations from 95.0 to 103.5 per cent recovery are 
indicated in the analyses of diiodothyronine, triiodothyronine, and thyrox- 
ine, 
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SUMMARY 


The copper complexes of monoiodotyrosine, diiodotyrosine, thyronine, 
diiodothyronine, triiodothyronine, and thyroxine are prepared in a mixture 
of butanol-propanol-water solution of sodium carbonate. The empirical 
formula of all of these complexes is determined to be CuA; at pH 9.3. 

A rapid, sensitive, accurate flame photometric method for the quanti- 
tative analysis of the six amino acids is described. 


The helpful suggestions of Dr. Robert E. Lempke and Dr. Francis W., 
Morthland and the technical assistance of Mr. T. H. Simpson, Jr., and Mr, 
Milton E. Bluitt are gratefully acknowledged. 

The author wishes to thank Mr. George P. Cave, Medical I]lustration 
Department, Veterans Administration Hospital, Indianapolis, Indiana, for 
the preparation of the graphs. 
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SOME PROPERTIES OF A HUMAN SERUM 
HYALURONIC ACID* 


By H. F. DEUTSCH 


(From the Department of Physiological Chemistry, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, July 16, 1956) 


Hyaluronic acid appears to be a constituent of the intracellular cement 
of all tissues. This material is present in high concentration in the umbili- 
cal cord, synovial fluid, and in the vitreous humor of the eye. It has been 
recently reported in free form in several pathological human sera (1) and 
in proteolytic digests of normal human plasma (2). The method of prep- 
aration and properties of the hyaluronic acid found in two human sera are 
the subject of this report. 


EXPERIMENTAL 


Electrophoretic experiments were carried out by the moving boundary 
method. The buffers employed were of 0.1 ionic strength and consisted 
of the sodium salt of a monovalent acid (20 per cent) and NaCl (80 per 
cent). Ultracentrifugal analyses were performed in the Spinco apparatus 
at 59,780 r.p.m. A single diffusion experiment was performed in the usual 
11 ml. electrophoresis cell. 

The determination of hexosamines was carried out by the method of 
Hewitt (3) after their separation from the usual hydrolysate according to 
Boas (4).! 

In work directed toward the identification of the hexosamine, samples 
of approximately 1 mg. of hyaluronic acid were hydrolyzed in 2 Nn HC] at 
100° for 6 to 8 hours. The hexosamine was separated on Dowex 50 (4) 
and the eluted material was evaporated to dryness in vacuo at room tem- 
perature. The residue was taken up in 1 ml. of 0.1 mM sodium acetate buf- 
fer, pH 4.7, and was allowed to react with ninhydrin by the procedure of 
Gardell et al. (5) to degrade the hexosamine to the pentose. The mixture 
which reacted was passed through Dowex 50 in the acid form and the 
pentose-containing filtrate was evaporated to a small volume in vacuo. 
The Dowex treatment at this stage appeared to remove most of the reac- 
tion products formed other than the free sugar. Purified samples of glu- 


* This work was supported in part by a research grant (C-1786(c)) from the Na- 
tional Institutes of Health, United States Public Health Service. 
!We wish to thank Dr. Nancy C. Bruemmer for carrying out this analysis. 
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cosamine and galactosamine were treated in similar fashion after their 
reaction with ninhydrin. 

The concentrated Dowex 50 filtrate was chromatographed on Whatman 
No. 1 with use of downward migration with an n-butanol (40)-ethanol 
(10)-H:O (50) mixture (volumes). Arabinose (Rr 0.18) and lyxose (R, 
0.25) and samples of glucosamine and galactosamine degraded with nip- 
hydrin served as the reference sugars. After being dried in air, the 
chromatograms were developed with aniline-trichloroacetate according to 
Gardell (6). 


Results 


Sera of two patients, one with a reticulum cell sarcoma, the other having 
a neuroblastoma, served as the source material. These sera were referred 
to us from the clinical chemistry laboratory because of the marked precipi- 


tation and agglutination of white blood corpuscles that occurred during | 


the usual procedure employed in a white blood cell count. The electro- 
phoretic pattern in buffer of pH 8.6 of one of these, containing near 1.5 
per cent hyaluronic acid, is shown in Fig. 1. This component has a mo- 
bility of 8.0 X 10-5 cm.? volt—! sec.—! (albumin 6.0). Examination of this 
serum and fractions thereof in the analytical centrifuge results in data as 
in Fig. 2. The arrow of the diagrams indicates a component of sedimenta- 
tion constant lower than albumin which is not present in normal human 
serum. It appears to make up from 5 to 7 per cent of the total refractive 
increment. This is considerably higher than the electrophoretic assay 
value and may be due to the hyaluronic acid existing as a complex with 
some serum component. ‘The material separates with the albumin frac- 
tion, being soluble in 50 per cent saturated (NH,)2SO,. A marked pre- 
cipitation in the serum results upon acidification to below pH 4.5. Such 
a precipitate from a diluted serum can be seen (Fig. 2) to be made up ofa 
mixture of the hyaluronic acid and serum proteins. The relative increase 
in the globulins is probably owing to their being more positively charged 
at pH 4.5 than is serum albumin, and thus forming a complex more readily 
with the strongly negatively charged hyaluronic acid. The enrichment of 
the s20,.. = 18S component is to be particularly noted. 

The marked tendency of the hyaluronic acid to form complexes with 
the serum proteins obviated purification procedures in which salt and cold 
ethanol fractionation techniques were employed. The non-dialyzable 
serum components soluble in 50 per cent saturated (NH,)2SO, served as 
the source material for electrical transport separation. Solutions from 5 
to 8 per cent concentration were subjected to electrophoresis at pH 8.6, 
0.1 ionic strength buffer, in the usual 11 ml. cell. When all possible reso 
lution under such conditions was obtained, the fastest migrating boundary 
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of the ascending limb (Fig. 1) was removed by pipetting. Small amounts 
of material contaminated with 20 to 30 per cent of albumin were obtained 
in this manner. Material from a series of such experiments was then sub- 
jected to electrophoresis at pH 4.6. Under these conditions the albumin 
boundary is almost stationary and the hyaluronic acid, which possesses 
about the same charge properties at this pH as at 8.6, separates readily 
and can be recovered in pure form by pipetting. About 15 to 20 mg. of 
such material from each sera were separated and used in the characteriza- 
tion experiments to be described. 


SERUM SERUM PRECIPITATE AT 
pH 4.5, DILUTION 


ALBUMIN PURE 
FRACTION COMPONENT 


Fia. 1 Fic. 2 


Fig. 1. The ascending electrophoretic pattern of a human serum containing hya- 
luronic acid. Duration of experiment was 196 minutes in sodium diethylbarbiturate 
buffer, pH 8.6, 0.1 ionic strength, at 5.2 volts cm.-'. The salt boundary anomaly is 
designated 5 and the hyaluronic acid boundary is indicated by the arrow. 

Fic. 2. The ultracentrifugal diagrams of a human serum (106), the precipitate 
forming on acidification of the serum (52 and 179), the serum fraction soluble in one- 
half saturated (NH,)2SO, (111) and the purified component (268) in potassium phos- 
phate buffer, pH 7.4, 0.2 ionic strength. The numbers in parentheses are minutes 
at 59,780 r.p.m. The direction of sedimentation is toward the right and the hya- 
luronic acid boundary of each exposure is indicated by the arrow. 


The isolated substance showed a single, sharp boundary in the ultracen- 
trifuge as illustrated in Fig. 2. A marked dependency of the sedimenta- 
tion constant on concentration was evidenced. The data of Fig. 3 show 
that the hyaluronic acid separated from both patients has the same sedi- 
mentation constant, within the limit of experimental error. The value at 
infinite dilution is near 2.38. <A single determination of the diffusion con- 
stant was carried out at a concentration near 0.4 per cent. A value Doo, 
of 2.8 X 10-7 cm.? sec.—! was calculated by the height-area and moments 
methods. With use of a partial specific volume of 0.655, the average of 
the values reported by Ogston and Stanier (7) and by Varga (8), a molecu- 
lar weight near 58,000 is obtained. From the above data it can be calcu- 
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lated that the molecules have a shape factor (f/fo) of 3.08, equivalent to 
an axial ratio near 60 if a prolate ellipsoidal shape is assumed. This value 
is indicative of a highly asymmetric molecule similar to that studied by 
Varga (8). 

Data of electrophoretic mobility studies carried out on 0.1 to 0.2 per 
cent solutions are presented in Fig. 4. The shape of the mobility curve 
suggests a single species of acidic grouping with a pK near 2.6. The marked 
agreement given by the two samples is again noteworthy. The pK is cloge 
to that of a carboxy] group of the glucuronic acid type and is in agreement 
with the acidic dissociation of the disaccharide unit of hyaluronic acid, 
hyalobiuronic acid, as reported by Rapport e¢ al. (9). 
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Fic. 3. The effect of concentration on the sedimentation constant for two human 
hyaluronic acid preparations (O and QQ) in potassium phosphate buffer, pH 7.4, 0.2 
ionic strength. 

Fic. 4. The electrophoretic mobility of two human serum hyaluronic acid prep- 
arations (O and (2) as a function of pH. 


The shape of the mobility curve of Fig. 4 does not indicate the presence 
of an acidic sulfate residue, and the material gave a negative qualitative 
test for this substance. Failure of the material to show a positive mobility 
even at very acidic pH indicates the absence of amino acids. Acid hy- 
drolysates of the material showed a single ninhydrin-reacting spot under 
the chromatographic conditions employed. This had the same Rr, (0.08) 
as glucosamine and also reacted with aniline trichloroacetate. 

The absorption spectrum of the material shows increasing absorption in 
the low ultraviolet range with no noticeable peaks at either 280 or 260 mp. 
The data plotted as Fig. 5 are in keeping with that reported by Ogston 
and Stanier (7) for a hyaluronic acid from synovial fluid. 

The purified material gave a marked precipitation when layered over 
acidified serum by the method of Seastone (10) for assaying for hyaluroni- 
dase or hyaluronic acid. Previous treatment of the purified substance or 
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of the original serum with a testicular hyaluronidase preparation destroyed 
its precipitating ability. Fig. 6 shows that dilution and acidification of a 
sample of human serum to which a small amount of hyaluronic acid had 
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Fic. 5. The absorption spectrum of a human serum hyaluronic acid preparation 


Fic. 6. The effect of approximately 0.006 per cent hyaluronic acid on the solu- 
bility of human serum proteins (1 per cent solution) at pH 4.5. The tube on the 
right contains no hyaluronic acid. 


been added results in the formation of a precipitate. Such a precipitate 
readily dissolves in neutral or slightly alkaline solution, and ultracentrifu- 
gal examination gives a pattern similar to that shown for the analogous 
preparation of Fig. 2 (upper right diagram). Addition of the hyaluronic 
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acid to normal whole blood gives a sample on which white blood cell counts 
cannot be readily carried out by the usual procedures because of phenomena 
of precipitation and agglutination. 

The final identification of the material in question as hyaluronic acid 
rather than a desulfated chondroitin sulfuric acid is dependent on the 
demonstration that the 34 per cent hexosamine level is glucosamine rather 
than galactosamine. This amount of hexosamine is in the lower range of 
values found for various hyaluronic acid preparations (7, 8, 11-15) and 
may be compared with the theoretical value of near 45 per cent for the 
content of a molecule made up of equimolar amounts of acetyl glucosamine 
and glucuronic acid. Only arabinose was formed on the degradation of 
the isolated hexosamine with ninhydrin. This establishes that it was glu- 
cosamine and further indicates that the material is hyaluronic acid. 

Attempts were made to see whether a hyaluronic acid similar to the one 
found in the two human sera might be present in rats and mice bearing 
various tumors. In each attempt, the pooled blood serum of groups of 
four to eight rats bearing either Flexner-Jobling or Walker 256 carcinomas, 
and Jensen sarcomas or azo dye hepatoma, was examined. No hyaluronie 
acid was noted. The same negative result was obtained when pools of the 
ascites fluid and blood serum of mice with Ehrlich’s ascites cell tumors 
and of C57B1/6 mice with carcinoma C755 were studied. 

The addition of hyaluronic acid to blood markedly increases the erythro- 
cyte sedimentation rate (16). Examination of a series of human sera from 
cases showing erythrocyte sedimentation rates between 50 and 100 failed 
to reveal any hyaluronic acid. Furthermore, the addition of our purified 
hyaluronic acid to a sample of normal blood sufficient to give a serum con- 
centration near 0.3 per cent did not increase the erythrocyte sedimentation 
rate. The hyaluronic acid was not destroyed on incubation with pooled 
normal human blood serum. 


DISCUSSION 


The molecular weights of hyaluronic acid preparations and of native 
hyaluronic acid protein complexes from synovial fluid, vitreous humor of 
the eye, and umbilical cord preparations as determined by a variety of 
physical methods have ranged up to 1.6 107 (7, 8, 14, 15, 17-21). The 
human hyaluronic acid studied in our work appears to resemble most 
closely the bovine vitreous humor preparation of Varga (8) which has‘a 
molecular weight near 87,000. Although our material is in a distinctly 
smaller size range, the high concentration dependencies of both the sedi- 
mentation and diffusion constants entail the use of values that are derived 
as a result of considerable extrapolation. A part of the difference between 
our work and that of Varga (8) may be related to this. Because of an in- 
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adequate amount of available material, we could not perform diffusion 
measurements at various concentrations. At infinite dilution we might 
have determined a somewhat lower value if a concentration dependency 
similar to that found by Varga (8) had been obtained. This would result 
in the calculation of a higher molecular weight. 

The finding of hyaluronic acid in the sera of two patients with neoplasia 
is of interest in terms of the possibility that tumors may be aided in their 
invasion of normal tissues by a hyaluronidase. Such a view as exempli- 
fied by the work of Gersh and Catchpole (22) has been considered by nu- 
merous workers. It is possible that a tumor hyaluronidase may have a 
specificity which allows it to split off a relatively large fragment from a 
highly polymerized hyaluronic acid making up an integral part of the 
ground substance. This action would be quite different from the well 
known testicular and bacterial hyaluronidases which reduce hyaluronic 
acids to relatively low molecular weight oligosaccharides. This possibility 
is being examined. 

On electrophoretic examination of numerous human and animal sera, 
the investigator occasionally observes a specimen with very small amounts 
of material having a mobility in alkaline buffer considerably higher than 
albumin. In retrospect this would appear to be hyaluronic acid. At- 
tempts to demonstrate it in a few individual normal and pathological sera 
have been negative to date. However, the report of Schiller and Dewey 
(2) that both hyaluronic and chondroitinsulfuric acids are found in prote- 
olyzed human plasma is of interest. 


The author wishes to acknowledge the technical assistance of Miss Jane 
I. Morton in the electrophoretic preparation of the hyaluronic acid used 
in this study. | 


SUMMARY 


A very asymmetric, carbohydrate-rich substance having a molecular 
weight near 58,000 has been isolated from two human sera. In terms of 
its glucosamine content, destruction by testicular hyaluronidase, and 
physical properties, the material appears to be hyaluronic acid. 
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THE ISOLATION OF y-GLOBULINS FROM RAT, GUINEA PIG, 
AND RABBIT PLASMA* 


By J. GOLDSTEIN anv J. W. ANDERSONT 


(From the School of Nutrition and Department of Zoology, Cornell 
University, Ithaca, New York) 


(Received for publication, July 20, 1956) 


In many studies on relationships of normal and experimental plasma 
protein, the use of highly purified protein samples is essential. Nichol 
and Deutsch (1) have indicated that the y-globulins of several species can 
be separated in good yield, but their method is restricted to this one group 
of proteins. Although Cohn et al. (2) have devised a method for the com- 
plete fractionation of the various components of plasma, their work was 
done only with human plasma. With the appearance of the article of 
Keltz and Mehl (3) on the separation of albumin from rat plasma by a 
modification of Method 10 of Cohn et al., a step was made toward the goal 
of making available to the biologist methods whereby the full range of 
plasma proteins for experimental work with this species may be obtained. 

The present work was undertaken with the idea of helping to complete 
the adaptation of Method 10 to rat plasma by investigating its applicabil- 
ity to extraction of the y-globulins. With the success of the work on the 
rat, the study was extended to include the guinea pig and the rabbit. 


Materials and Methods 


Reagents— 

ACD solution. Trisodium citrate (2 H,O), 22.0 gm.; citric acid, 8.0 gm.; 
glucose, 22.0 gm.; and distilled water, to make 1.0 liter. 

Reagent I. Na acetate-acetic acid buffer (pH 4.0, ionic strength 0.8), 
0.25 ml.; 95 per cent ethanol, 25.0 ml.; and distilled water, to make 100.0 
ml, 

Reagent IT. 1.0m Na acetate, 0.1 ml.; 0.7 m acetic acid, 0.1 ml.; glycine, 
2.25 gm.; 95 per cent ethanol, 7.5 ml.; and distilled water, to make 50.0 
ml. 

The Na acetate-acetic acid buffer, the 1.0 m Na acetate, and the 0.7 m 
acetic acid were prepared as stock solutions and stored in the cold room. 


* Supported in part by research grant No. H-1654 from the National Heart Insti- 
tute, National Institutes of Health, Public Health Service. 

t Present address, Department of Anatomy, University of Wisconsin, Madison, 
Wisconsin. 
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Reagents I and II were prepared immediately before being used, and were 
cooled to —5° for use. 

Animals—Virgin female rats (Pardy strain), male guinea pigs (English), 
and male and female rabbits were used. 

Plasma—In all cases, blood was obtained from Na pentobarbital-anes- 
thetized animals by opening the thoracic cavity and removing the blood 
from the right ventricle. The blood was drawn to fill a 10 ml. syringe 
which had been prerinsed with ACD solution, and which, in the case of 
the guinea pig and the rabbit, contained 1.0 ml. of the solution. Since 
rat blood showed a tendency to clot with this amount of ACD solution, it 
was necessary to use 1.5 ml. when working with this species. The cellular 
constituents were separated from the plasma by centrifugation at room 
temperature. The fractionation was begun within 2 hours after collection 
of the blood. Frozen rat plasma has been found to be satisfactory for 
the separation of rat albumin (3), but we have found that the y-globulins 
are denatured by slow freezing or thawing. 

Biuret Analysis—Total protein was determined by a semimicromodifica- 
tion! of the biuret method of Gornall, Bardawill, and David (4). 3 to4 
mg. of the lyophilized fractions were dissolved in sufficient distilled water 
to make 1.5 ml. of solution, and an equal volume of biuret reagent (4) 
was added. After incubation at 38° for 15 minutes, the sample was read 
at 540 my in a Beckman spectrophotometer against a reagent blank (1.5 
ml. of H.O, 1.5 ml. of biuret reagent) which had also been incubated. 
Under these conditions, 1.0 mg. of protein = D549 of 0.095. The increase 
of density with increasing protein concentration is linear to 2.0 mg. of 
protein. 

Electrophoresis—Hanging strip paper electrophoresis was employed with 
a Durrum type cell? (5-7). The buffer system was Na barbital-barbituric 
acid, with an ionic strength of 0.075 and a pH of 8.6. Approximately 3 
per cent solutions of the lyophilized fractions in the buffer were analyzed. 
For some of the plasma determinations, undiluted samples were taken, 
and for the others the plasma was diluted to a total protein concentration 
of about 3 per cent. Whatman No. 3 MM filter paper strips were used, 
to which 0.01 ml. of each sample was applied. The separations were car- 
ried out for 16 hours at a constant current of 5 ma. for eight strips, which 
were then dried and stained with bromophenol blue, as outlined in’ the 
technical manual provided with the apparatus. After color equilibration, 


1 From the unpublished notes of D. S. Goldman, appearing in ‘‘Methods manual,” 
Enzyme Institute, University of Wisconsin. 

? “Model B’’ paper electrophoresis apparatus, manufactured by the Specialized 
Instruments Corporation, Belmont, California. 
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the stained strips were graphed by means of a servo type integrating 
scanner® (6). 

pH Measurement—pH determinations were performed as described by 
Cohn et al. (2), a glass electrode being used. 


EXPERIMENTAL 


25 ml.4 of plasma were placed in a 125 ml. Lusteroid centrifuge tube and 
immersed in a —5° constant temperature bath. When the temperature 
of the plasma had reached about 0°, 100 ml. of Reagent I were added with 
constant stirring over a period of not less than 5 minutes. The stirring 
was continued for 15 minutes, after which the suspension was centrifuged 
in an International angle head refrigerated centrifuge at —5° and 3000 xX 
q (4000 r.p.m.) for 30 minutes. The supernatant solution, containing 
Fractions IV, V, and VI,5 was decanted from the precipitate, which con- 
tained Fractions I, IJ, and III. The volume of the supernatant solution 
was measured and a 10 ml. aliquot was taken for lyophilization. This was 
stored in the centrifuge until it was lyophilized with the other fractions. 

The precipitate was allowed to drain at —5° for 10 minutes, after which 
any liquid remaining on the inside of the tube was carefully wiped out. 

A small quantity of Reagent II was added, and a fine paste was formed 
by manual stirring while the tube was immersed in the low temperature 
bath. The remainder of Reagent II was added, and the mixture was 
stirred mechanically for 30 minutes. The speed of the stirrer was regu- 
lated so that uniform mixing took place, with a minimum of frothing, to 
reduce the amount of surface denaturation which can occur at this step 
(8). After stirring was completed, the material was again centrifuged at 
-5° and 3000 X g for 30 minutes. The supernatant solution, containing 
the y-globulins (Fraction IT), was decanted and stored in the centrifuge. 
The precipitate, containing Fractions I and III, was drained for 10 min- 
utes at —5°, and the tube was again wiped clean. The precipitate was 
suspended in a small volume of distilled water and lyophilized with both 
supernatant solutions. 

The lyophilized y-globulins were dissolved in 10 to 15 ml. of 0.15 Mm 
NaCl solution and mechanically dialyzed* overnight against several 
changes of this solution. This was done to remove the glycine, which 
prevents electrophoretic analysis. 


*“Analytrol’? scanner, manufactured by the Specialized Instruments Corpora- 
tion, Belmont, California. 

‘In a few instances, less than 25 ml. of plasma was used; all quantities of reagents 
were proportionately reduced. 

‘Nomenclature of Cohn et al. (2). 

* Aminco mechanical dialyzer, American Instrument Company, Inc., Silver Spring, 


Maryland. 
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In the second series of fractionations, the following modification of the 
original technique was employed. After the supernatant solution from 
the first precipitation was poured off, the tube containing the precipitate 
was allowed to drain for 10 minutes at —5°. The precipitate was then 
stirred to a smooth paste, stirred mechanically with 20 ml. of Reagent | 
for 10 minutes, and centrifuged as usual. The fractionation was then 
continued as before. 


Results 


The pH conditions indicated by Cohn et al. (2) were obtained without 
exception in the present study. 

The original precipitation of the B- and y-globulins was found to be 
excellent, for in no case did the y-globulin contamination of the first super- 
natant solution amount to more than 2 per cent. 


TABLE I 
Results of Original Fractionation Procedure 
Species Volume of plasma __| Protein in Fraction II ee 
ml. mg. per cent 

Guinea pig............... 25.0 64.4 81 
25.0 60.0 78 


The first series of fractionations, however, produced y-globulins which 
were not as pure as expected. The results are summarized in Table | 
and in Fig. 1, a. It can be seen that the impurities included proteins 
which usually remain in the supernatant fluid after the addition of Re- 
agent I. 

Since Cohn et al. (2) had suggested that rinsing the first precipitate would 
increase the purity of Fraction II, the precipitate was washed with a con- 
siderable amount of Reagent I to insure as complete removal of the con- 
tamination as possible. The effectiveness of this step is indicated by the 
significant reduction of contamination in the second series (Table II; Fig. 
1, b, c, d). Typical electrophoretic patterns of the various samples:ob- 
tained from one of the second series of fractionations are shown in Fig. 2. 

The percentage of y-globulins in the original plasma samples was found 
to vary widely, and undoubtedly constituted the major factor in the varia- 
tion in the amount of protein recovered in Fraction II. In contrast with 
the effectiveness of the initial separation, the precipitate containing Frac- 
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tions I and III was found to have appreciable amounts of y-globulins 
(Table III; Fig. 2, band c). However, fairly high per cent recovery levels 
of y-globulin were obtained, as shown in Table III. 


Cc d 
Fig. 1. Electrophoretic patterns produced with samples of Fraction II obtained 
under varying conditions. Na barbital-barbituric acid buffer, ionic strength 0.075, 
pH 8.6;5 ma., 16 hours. Hanging strip paper electrophoresis. a, rat, original frac- 
tionation method; b, guinea pig, modified method; c, rabbit, modified method; and 
d, rat, modified method. 


TaBLeE II 
Results of Modified Fractionation Procedure 
Species Volume of plasma | Protein in Fraction II ——-> 
ml, mg. per cent 

25.0 101.9 91 


In an effort to decrease the loss of y-globulins, a reextraction of Fractions 
I and III was performed. This produced an increased recovery of y-globu- 
lins to the extent of 3 to 4 per cent, a large part of which was found to be 
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TaBLe III 
Percentage Distribution of y-Globulins 
Per cent y-globulins* 
Fraction No. 
Rat Guinea pig Rabbit 
Per cent recovery of y-globu- 
lin (Fraction II)f......... 78-83 73-79 82-85 
* Determined electrophoretically. eri 
t Determined by difference. 
a b 
Cc d 


Fig. 2. Electrophoretic patterns produced with the various fractions obtained 
from one sample of pooled rat plasma by the modified procedure described in the 
text. Na barbital-barbituric acid buffer, ionic strength 0.075, pH 8.6; 5 ma, 16 hours. 
a, Original plasma; 6, Fractions IV + V + VI (first supernatant solution); c, Frac- 
tions I + III (second precipitate); and d, Fraction II (second supernatant solution). 


denatured. Because of the time and inefficiencies involved in reextraction, 
it was felt that this step did not significantly contribute to the procedure. 


An adaptation of Method 10 is described for the separation of y-globu- 
lins from rat, guinea pig, and rabbit plasma. Paper electrophoretic anal- 


SUMMARY 
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ysis has revealed a purity of 90 to 97 per cent and recovery levels of 73 to 
85 per cent. 


The authors wish to thank Dr. W. L. Nelson for his helpful advice and 


encouragement. 
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ENZYMATIC STUDIES WITH A SERIES OF TRYPTOPHAN 
AUXOTROPHS OF ESCHERICHIA COLI* 


By CHARLES YANOFSKY 


(From the Department of Microbiology, School of Medicine, Western Reserve 
University, Cleveland, Ohio) 


(Received for publication, August 13, 1956) 


Investigations with a variety of microorganisms have implicated anthra- 
nilic acid and indole as intermediates in the biosynthesis of tryptophan 
(1-7). Recent isotopic and enzymatic studies with Escherichia colt (8-13) 
have provided evidence that anthranilic acid and indole are converted to 
tryptophan by the following sequence of reactions: 


(1) Anthranilic acid + 5-phosphoribosyl pyrophosphate — — — indole-3-glycerol 
phosphate 


(2) Indole-3-glycerol phosphate — indole + triose phosphate 
(3) Indole + L-serine — L-tryptophan 


Direct support for the participation in vivo of the above reactions in tryp- 
tophan synthesis would be provided by the demonstration that the en- 
zymes catalyzing these reactions are lacking in specific tryptophan auxo- 
trophs. The purpose of the present study was to obtain evidence of this 
type and, in addition, to attempt to correlate the nutritional, enzymatic, 
and metabolite accumulation behavior of a series of tryptophan auxo- 
trophs of £. colt. 


_ Methods 


The various strains of FE’. coli employed in this investigation and the com- 
pounds which support their growth are listed in Table I. All the strains, 
with the exception of B-82, B-84, B/1,T, and B/1,T-N, were obtained 
from wild type strain K-12 with ultraviolet light as mutagen and the Adel- 
berg and Myers (14) modification of the penicillin selection technique (15, 
16). Strains B-82 and B-84 are tryptophan auxotrophs of the B strain of 
E. coli, and were kindly supplied by Dr. J. S. Gots. Strains B/1,T and 
B/1,T-N are bacteriophage-resistant mutants of strain B (resistant to 
phage T-1) which acquired a requirement for tryptophan simultaneously 
with the mutation to phage resistance. Strain B/1,T-N was kindly sup- 
plied by Dr. A. Novick. 


_* This investigation was supported by a grant from the National Science Founda- 
tion and was performed during the tenure of a Lederle Medical Faculty Award to the 
author. 
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Accumulation Studies 


Each mutant strain was grown on an E. coli minimal medium (17) sup. 
plemented with 20 y of L-tryptophan per 10 ml. After incubation with 
shaking for 42 hours at 37°, the cells were removed by centrifugation and 
aliquots of the supernatant solution were chromatographed on Whatman 
No. 3 paper. One or both of the following developing solvents were em- 
ployed in the identification of each compound: methy] alcohol, propy] al- 


TaBLeE I 
Growth and Accumulation Behavior of Strains Examined 
Compound supplied 
None ares Indole | Tryptophan 
+t + + 
tds. - + Indole 
tds bese _ 4. 
T-4... + + “glycerol 
T-16.. - “ + + Anthranilic acid 
T-24.. — + + ‘6 
B/1,T-N...... + Indole glycerol 


* Grown on minimal medium + 2 y of L-tryptophan per ml. for 42 hours at 37°. 
t + = growth. 
t — = no growth in 24 hours. 


cohol, and water (1:2:1) with or without the addition of 1 ml. of 1% 
NH,OH per 100 ml. of developing solvent. Anthranilic acid spots were 
detected by their fluorescence and color reaction with Ehrlich’s reagent, 
indole glycerol spots by color reactions with Ehrlich’s reagent or with FeCl 
reagent (11), and indole spots by color reaction with Ehrlich’s reagent. 
Indole accumulation was also verified by performing quantitative deter- 
minations (18) on aliquots of the crude culture filtrates. 


Enzyme Studies 


All the strains were grown on minimal medium supplemented with glv- 
cose (0.16 per cent) and anthranilic acid, indole, or tryptophan. Acid- 
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hydrolyzed casein (0.05 per cent) was added as indicated. Cultures were 
incubated with shaking for 16 hours at 30°. The cells were harvested by 
centrifugation, washed once with saline, and suspended in 0.1 m phosphate 
buffer at pH 7.0. These washed suspensions were then disrupted in a 9 
ke. Raytheon sonic oscillator and centrifuged for 40 minutes at 100,000 xX 
gin a Spinco preparative centrifuge. The supernatant solutions obtained 
were employed as crude extracts. 

The crude extracts were usually treated with solid ammonium sulfate to 
obtain two fractions; a 0 to 26 per cent fraction (26 per cent of saturation 
with respect to ammonium sulfate) and a 26 to 40 per cent fraction. In 
some cases one ammonium sulfate fraction at 40 per cent of saturation was 
prepared. All the fractions were dialyzed against 0.02 m phosphate buffer 
at pH 7.8 for approximately 3 hours immediately after treatment with 
ammonium sulfate. 

As reported previously (11), all the enzymes required for the conversion 
of anthranilic acid to indole-3-glycerol phosphate are associated with the 
0 to 26 per cent fraction, while the indole-3-glycerol phosphate — indole 
activity (indole glycerol phosphate hydrolase) is primarily present in the 
26 to 40 per cent fraction. The latter fraction also contained most of the 
tryptophan synthetase (indole + L-serine — L-tryptophan). The various 
activities were measured in the fractions mentioned or in a 0 to 40 per cent 
fraction, which could be used for the determination of all the enzymes. 
Tryptophan synthetase and indole glycerol phosphate hydrolase assays 
were also performed on crude extracts. The conversion of anthranilic 
acid to indole-3-glycerol phosphate could not be followed satisfactorily 
with crude extracts, owing to the presence of interfering substances. 

Protein was determined by the method of Lowry et al. (19). 


Enzyme Assays 


Conversion of Anthranilic Acid to Indole-3-glycerol Phosphate—The in- 
cubation mixture contained the following supplements: 0.22 umole of an- 
thranilic acid, 0.25 pmole of ribose-5-phosphate, 1.2 umoles of adenosine 
triphosphate, 1 umole of MgSO,, 10 umoles of phosphate at pH 8.2, and 
0.02 to 0.2 ml. of the enzyme fraction to be tested. The final volume in 
each case was 0.6 ml. Incubation was at 37° for 30 minutes; 0.05 ml. 

ples were removed at 10 minute intervals and added to 1 ml. of 0.1 m 
phosphate buffer at pH 6.0. The anthranilic acid content of these samples 
was determined fluorometrically (20). Indole-3-glycerol phosphate forma- 
tion was usually checked qualitatively with ferric chloride reagent (11) at 
the end of the incubation period. Anthranilic acid uptake was previously 
shown to be correlated with indole-3-glycerol phosphate formation with 
preparations from LE. coli (11). In those cases in which enzymatic uptake 
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of anthranilic acid was not detected, the incubation was repeated with 
5-phosphoribosy!] pyrophosphate as a substitute for ribose-5-phosphate and 
adenosine triphosphate. The results of this assay are expressed in milli- 
micromoles of anthranilic acid taken up per mg. of protein in a 30 minute 
incubation. The sensitivity of this assay procedure is such that it can 
detect 2 per cent of the wild type activity. 

Conversion of Indole-3-glycerol Phosphate to Indole—Enzyme preparations 
which were tested for indole glycerol phosphate hydrolase activity were 
incubated with the following supplements: 0.12 umole of indole-3-glycero] 
phosphate, 2.5 umoles of hydroxylamine, and 20 umoles of phosphate at 
pH 6.0 in a final volume of 0.4 to 0.8 ml., depending upon the amount of 
enzyme preparation added. Incubation was usually for 15 minutes at 
37°. An incubation period of 30 minutes was employed with extracts 
which did not exhibit activity during a 15 minute incubation. At the end 
of the incubation period 0.1 ml. of 1 N NaOH was added, and the indole 
formed was extracted with 2 ml. of toluene. A 1 ml. aliquot of the toluene 
layer was removed and assayed colorimetrically for indole (18). The re- 
sults of this assay are expressed in millimicromoles of indole formed per 
mg. of protein during a 30 minute incubation. This assay procedure will 
detect approximately 10 per cent of the wild type enzyme activity. 

Conversion of Indole to Tryptophan—The procedure employed in the de- 
termination of tryptophan synthetase activity is essentially the same as 
that employed with extracts of Neurospora crassa (18). The incubation 
mixture contained the following supplements in a final volume of 1 ml.: 
0.3 umole of indole, 80 umoles of pi-serine, 0.05 umole of pyridoxal phos- 
phate, 70 umoles of phosphate at pH 7.8, and the enzyme preparation. 
After 30 minutes at 37°, 0.1 ml. of 1 N NaOH was added, and the indole 
remaining was extracted with 4 ml. of toluene. A 1 ml. aliquot of the tol- 
uene layer was assayed for indole colorimetrically (18). Specific activity 
is expressed in millimicromoles of indole taken up per mg. of extract pro- 
tein in 30 minutes. The sensitivity of the assay as performed was such that 
2 per cent of the wild type level of tryptophan synthetase could have been 
detected. 


Results 


The nutritional requirements and compounds accumulated by the var- 
ous strains examined are listed in Table I, and the results of enzymatic 
studies with these strains are presented in Table II. The data in Table 
II are taken from typical experiments; the strains listed were grown at 
least twice, and the extracts and fractions obtained were assayed for the 
enzyme activities indicated. 

Strains K-12 and T-3—Extracts of strains K-12 and T-3, as would be 
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expected, contain all the enzymes required for the conversion of anthra- 
nilic acid to tryptophan. T-3 appears to form considerably more of 
several of the enzymes assayed than does strain K-12. Presumably an- 
thranilic acid serves as an inducer of the tryptophan pathway when it is 
provided in growth-limiting amounts and as the sole source of this amino 
acid. It is also apparent from the results obtained that in strain K-12 
tryptophan inhibits the formation of tryptophan synthetase. This in- 
hibitory effect of tryptophan has been noticed previously in experiments 
with Aerobacter aerogenes (21). 

Strains tds, td3, td, and B-82—The nutritional behavior of these auxo- 
trophs suggests that they are blocked in the conversion of indole to tryp- 
tophan. Consistent with this conclusion is the fact that they differ from 
other tryptophan auxotrophs and from the wild type strain in that they 
accumulate appreciable amounts of indole. The basis for the nutritional 
requirement and for the accumulation of indole is provided by the results 
of the enzyme tests, which show that each of these mutants specifically 
lacks tryptophan synthetase activity. The ability to form the other en- 
zymes involved in tryptophan synthesis appears to have been unaffected 
in these strains. 

Strains T-4, T-8, and T-26—The nutritional behavior of this group of 
mutants indicates that they are blocked in the conversion of anthranilic 
acid to indole. The accumulation of indole-3-glycerol by these strains 
suggests that they are unable to convert indole-3-glycerol phosphate to 
indole. The enzymatic evidence supports this conclusion, since crude ex- 
tracts and fractionated preparations of each of the strains were devoid of 
indole glycerol phosphate hydrolase activity. The ability to form the other 
enzymes involved in tryptophan synthesis was unaffected in these strains. 

Strains T-16, T-20, and T-24—These strains, like the previous group, 
respond to indole in growth tests, but not to anthranilic acid. They differ 
from the previous group of auxotrophs in that they do not accumulate 
indole-3-glycerol, but accumulate anthranilic acid instead. Their culture 
filtrates also generally contain several unidentified compounds which either 
fluoresce or give a color reaction with Ehrlich’s reagent. These strains do 
form indole glycerol phosphate hydrolase, but lack one or more of the en- 
zymes required for indole-3-glycerol phosphate formation from anthranilic 
acid. The 0 to 40 per cent ammonium sulfate fraction obtained from 
strain T-20 consistently exhibits a limited ability to catalyze the disap- 
pearance of anthranilic acid. Whether this slight activity reflects the pres- 
ence in this strain of normal amounts of the enzyme required for the initial 
attack on anthranilic acid and the absence of an enzyme required for a 
later step in indole-3-glycerol phosphate formation, is not known. It is of 
interest in this connection that a mixture of 40 per cent fractions from 
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TaBLeE II 
Ezamination of Enzymatic Behavior of Various Strains of E. coli 


Specific activity* 
Strain Growth supplements Fraction tested eee 
mt ~| In+T 
K-12 None Crude extract 150 
T 10 y per ml. + 0.05% - nc 31 28 
AHC] 0-26%** 250 
26-40% 65 
T-3 AA 2 y per ml. Crude extract 34 2500 
0-26% 1270 
0 105 
tds T 10y per ml. + 0.05% | Crude extract 38 0 
AHC 0-26% 380 
26-40% 95 
tds T 10 y per ml. + 0.05% | Crude extract 42 0 
AHC 
td, T 10 y per ml. + 0.05% | Crude extract 21 0 
AHC 0-26% 250 
B-82 T 10 y per ml. + 0.05% | Crude extract 30 0 
AHC 
T-4 In 2 y per ml. + 0.05% | Crude extract 0 39 
AHC 0-40% 139 0 
26-40% 0 
T-8 In 2 y per ml. + 0.05% | Crude extract 0 71 
AHC | 0-26% 280 0 
0 0 
T-26 In 2 y per ml. + 0.05% | Crude extract 0 
AHC 0 220 0 
T-16 In 2 y per ml. + 0.05% | Crude extract 29 65 
AHC 0-26% 0 
0 0 45 
T-20 In 2 y per ml. + 0.05% | Crude extract ! 31 
AHC 5 38 
T-24 In 2 y per ml. + 0.05% | Crude extract 46 
AHC 0-26% 0 
040% 0 41 
B/1,T T 10 y per ml. + 0.05% | Crude extract 0 0 
AHC 0-26% 0 0 
A 0 
B/1,T-N | T 10 y per ml. + 0.05% | Crude extract 0 0 
AHC A 69 0 
B-84 T 10 y per ml. + 0.05% | Crude extract 0 0 
AHC 85 0 


* Specific activity is expressed in millimicromoles of compound taken up or formed 


per mg. of protein in 30 minutes at 37°, 


Anthranilic acid. 
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TaBLE II—Concluded 


t Indole-3-glycerol phosphate. 

§ Indole. 

| .-Tryptophan. 

gq Acid-hydrolyzed casein. 

** 0 to 26 per cent, 26 to 40 per cent, 0 to 40 per cent = ammonium sulfate frac- 
tions. 


strains T-20 and T-16 can carry out the conversion of anthranilic acid to 
indole-3-glycerol phosphate at an appreciable rate, indicating that these 
mutants lack different enzymes involved in this conversion. 

Strains B/1,T, B/1,T-N, and B-84—The tryptophan requirement of 
each of these strains cannot be satisfied by indole, suggesting that they are 
blocked in the conversion of indole to tryptophan. The accumulation 
data are not consistent with this conclusion, however, since none of these 
strains accumulates indole. Strains B/1,T-N and B-84 accumulate in- 
dole-3-glycerol instead of indole, while filtrates of strain B/1,T do not 
contain any of the compounds searched for. The accumulation behavior 
of strains B/1,T-N and B-84 suggests that these mutants probably cannot 
carry out the indole glycerol phosphate hydrolase reaction, and the nutri- 
tional data indicate that tryptophan synthetase is lacking. The enzymatic 
tests performed with these auxotrophs provide an explanation for the nu- 
tritional and the accumulation data, since both indole glycerol phosphate 
hydrolase and tryptophan synthetase are lacking in these mutants. The 
accumulation behavior of strain B/1,T suggests that it either does not 
form any of the enzymes involved in tryptophan synthesis or is a ‘“‘leaky”’ 
mutant (22) and thus does not accumulate anthranilic acid, indole-3-glyc- 
erol, or indole. The enzymatic tests support the former interpretation, 
since all the enzymes which were looked for were absent from this strain. 


DISCUSSION 


The absence of specific enzymes from the different groups of K-12 tryp- 
tophan auxotrophs and the perfect correlation of the nutritional, metabolite 
accumulation and enzymatic data obtained with these strains suggest 
that the sequence of biochemical reactions presented in the introduction 
represents the major pathway of tryptophan synthesis in FZ. coli. Similar 
accumulation and nutritional patterns have been observed in studies with 
tryptophan auxotrophs of the B strain of E. coli (7), of Salmonella typhi- 
murtum (6), and of Neurospora crassa (3). Thus it appears that these 
organisms also employ the same pathway. Preliminary enzymatic tests 
with extracts of N. crassa are in agreement with this conclusion. 

In considering the results of this study, two possible alternatives should 
be mentioned. Although all the existing growth, metabolite accumula- 
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tion, and enzymatic data support the view that anthranilic acid is an inter- 
mediate in tryptophan synthesis, it is conceivable that anthranilic acid 
utilization represents the unusual case in which an exogenously supplied 
compound, which may under certain circumstances be formed endogenously, 
feeds into a normal pathway. It may well be that the ribotide of anthra- 
nilic acid, the probable initial product of the reaction between anthranilic 
acid and phosphoribosyl pyrophosphate, is actually formed by a reaction 
between amino ribose-5-phosphate and a metabolic product of shikimic 
rather than from anthranilic acid. If so, anthranilic acid would be ex- 
cluded as a direct intermediate. 

A second alternative which must be considered is that tryptophan is 
formed directly from indole-3-glycerol phosphate without first being con- 
verted to indole. A model for this possibility is provided by the biosyn- 
thetic pathway of histidine formation in which imidazole glycerol phos- 
phate is converted to histidine without loss of the glycerol phosphate side 
chain (23). This alternative seems rather unlikely, however, since, if 
analogous sequences of reactions were involved in tryptophan and in histi- 
dine synthesis, it would be difficult to account for the essential nature of 
indole glycerol phosphate hydrolase and tryptophan synthetase, unless 
these enzymes normally catalyze reactions other than those presently as- 
cribed to them. 

The results of the analyses performed with strains B/1,T, B/1,T-N, and 
B-84 do not fit the simple picture obtained with the other tryptophan 
auxotrophs. Previous studies (7, 24) have pointed out some of the in- 
consistencies in the growth and accumulation behavior of these strains. 
The present enzymatic data provide an explanation for their peculiarities, 
since it was found that both B/1,T and B-84 lacked indole glycerol phos- 
phate hydrolase activity and tryptophan synthetase activity, while B/1,T 
did not form these enzymes and, in addition, lacked one or more of the 
enzymes required for the conversion of anthranilic acid to indole-3-glycerol 
phosphate. 

In attempting to account for the unorthodox behavior of these strains, 
it is necessary to explain the apparent absence from each of these mutants 
of more than one enzyme. ‘The situation is not as complicated as it might 
seem, since recent genetic studies with the mutants employed in this study’ 
have shown that the genes controlling the formation of the enzymes in- 
volved in tryptophan synthesis are clustered and, as in S. typhimurium 
(25), are probably arranged in the same order as the biochemical steps 
they control.?: * 

1 All the strains except B-84 have been analyzed genetically. 


? Lennox, E., Yanofsky, C. and Richards, C., unpublished. 
3 Dr. P. D. Skaar (personal communication) has independently obtained evidence 
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Genetic analyses performed with strains B/1,T and B/1,T-N have re- 
vealed that these mutants represent spontaneous deletions of genetic ma- 
terial;* B/1,T lacks all the genes involved in the steps in tryptophan syn- 
thesis considered here, while B/1,T-N lacks the last two. Thus the close 
linkage of the tryptophan genes in EF. coli and the nature of the mutations 
in strains B/1,T and B/1,T-N readily account for the unexpected proper- 
ties of these mutants. The behavior of strain B-84 cannot be adequately 
explained at the present time. 

Although the results obtained to date are insufficient to permit the con- 
clusion that each of the K-12 groups studied represents mutations at a 
common locus, the data available do indicate that the mutations in these 
strains all occurred within a narrow region of genetic material. It is of 
interest, therefore, that several of the enzymes involved in tryptophan 
synthesis are associated with one another in specific ammonium sulfate 
fractions. It may well be that such enzymes, controlled by closely linked 
genes which may have evolved from a common gene, represent nearly iden- 
tical proteins. 

SUMMARY 

Nutritional, metabolite accumulation and enzymatic studies with a 
series of tryptophan auxotrophs of Escherichia coli support the view that 
tryptophan is synthesized in this organism by the following sequence of 
reactions: 

(1) Anthranilic acid + 5-phosphoribosyl pyrophosphate — — — 
indole-3-glycerol phosphate 

(2) Indole-3-glycerol phosphate — indole + triose phosphate 

(3) Indole + L-serine — L-tryptophan 


Three of the mutants examined lacked more than one enzyme, and two of 
these mutants arose by deletion of genetic material. 


The author is grateful to Miss Leigh Eyres for her technical assistance. 
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THE GROWTH EFFECT OF p-VALINE* 


By MADELYN WOMACK,ft BARBARA B. SNYDER,t 
anD WILLIAM C. ROSE 
(From the Division of Biochemistry, Noyes Laboratory of Chemistry, 
University of Illinois, Urbana, Illinois) 


(Received for publication, August 8, 1956) 


More than 20 years ago, experiments were conducted in this laboratory 
for the purpose of ascertaining whether p-valine can be utilized by the rat 
for growth.' The results thereby obtained were mentioned on several oc- 
casions (cf. (1, 2)), but the experimental data were never published in full. 
It may now be stated for the record that the animals which received p-val- 
ine experienced a mean loss in body weight of 8.5 gm. in 28 days, while the 
positive controls which consumed an identical ration, except for the pres- 
ence of L-valine, showed a mean gain in weight of 87.0 gm. Litter mates 
on a valine-free diet suffered a mean loss of 19.0 gm. On the basis of these 
findings, the conclusion was drawn that only the natural enantiomorph of 
valine is effective for growth purposes. 

It was realized at the time that the findings, though apparently unequiv- 
ocal, were based upon the use of a relatively small number of animals. 
Of greater concern, however, was the problem of the nutritive quality of 
the experimental rations. Crystalline vitamins had not become available 
commercially when the valine investigation was undertaken, and several 
of the vitamins which presently are well known had not yet been dis- 
covered. This situation necessitated the use of vitamin concentrates de- 
rived from milk, yeast, or the polishings of rice as dietary supplements. 
Furthermore, shortly after the completion of the valine experiments, sys- 
tematic investigations were inaugurated in this laboratory with the intent 
of establishing the most favorable conditions for the growth of the rat on 
diets containing mixtures of amino acids. The findings in these studies 
revealed the desirability of altering our rations in the direction of lowering 
their fat content and of furnishing a better source of inorganic salts (3). 


* Supported in large measure by a fellowship to the senior author from the John 
Simon Guggenheim Memorial Foundation. 

t On leave from the Human Nutrition Research Branch, Agricultural Research 
Service, United States Department of Agriculture, Washington 25, D. C. 

{ Some of the experimental data in this paper are taken from a thesis submitted 
by Barbara B. Snyder in partial fulfilment of the requirements for the degree of 
“sen of Science in Biochemistry in the Graduate College of the University of II- 
inois. 

‘Eppstein, 8. H., and Rose, W. C., unpublished experiments. 
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In the light of these observations, publication of the data obtained in the 
valine tests, and in many other investigations which had been carried out 
during this transition period, was postponed until additional data could 
be acquired under more ideal dietary conditions (cf. (4)). 

The problem of the growth effect of p-valine has been brought into focus 
anew by the papers of White, Fones, and Sober (5) and Wretlind (6)? 
According to White et al., D-valine supports the growth of rats at approxi- 
mately half the rate induced by t-valine. Furthermore, following the ad- 
ministration of p-valine labeled in the methyl groups with C™, L-valine 
similarly labeled was isolated from the tissues. Wretlind reports that the 
presence of pL-leucine in the food inhibits the utilization of p-valine for 
growth purposes, possibly through competition of p-leucine and p-valine 
for the enzyme system involved in the deamination of the latter amino 
acid. He suggests (personal communication) that this may account for 
the difference between our findings and those of White e¢ al., since we em- 
ployed the racemic compound and the latter investigators used the 1 
isomer. Wretlind makes the additional observation that, even with a ra- 
tion containing L-leucine, 1 per cent of D-valine is an insufficient level to 
permit growth, and that relatively large quantities must be supplied to 
produce maximal utilization. 

In a straightforward problem of this nature, it appears unlikely that the 
observations made in any of the three investigations outlined above could 
be erroneous. It seems much more reasonable to assume that the di- 
vergence in findings is to be accounted for by differences in the dietary or 
other conditions under which the growth tests were conducted. To clarify 
these aspects of the question, the experiments recorded below were under- 
taken. 


EXPERIMENTAL 


Four preparations of p-valine were used in the course of the experiments. 
Two of these were made in this laboratory by the resolution of the racemic 
amino acid. For this purpose, a slight modification of the procedure of 
Price, Gilbert, and Greenstein (7) was employed. The other two samples 
were commercial products. Each had a total nitrogen content which was 
in close agreement with the theoretical value. The specific rotations of 
the four products in 6 n hydrochloric acid were —27.2°, —27.6°, —28.2°, 
and —28.3°, respectively. The values in the literature range from —27.1° 
(7) to —28.8° (8). 

In order to exclude the possibility that the p-valine preparations might 


? Dr. K. A. J. Wretlind of the Karolinska Institutet, Stockholm, Sweden, kindly 
sent the senior author a copy of this manuscript before it was submitted for publi- 
cation. We are deeply grateful to Dr. Wretlind for this courtesy. 
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contain significant amounts of the L isomer, each was subjected to a micro- 
biological assay. One of the samples prepared in this laboratory was as- 
sayed by the method of Henderson and Snell (9). The test organisms were 
Lactobacillus arabinosus 17-5 and Leuconostoc mesenteroides P-60. Two 
types of culture media were employed. One was valine-free, while the 
other contained 5 of L-valine per tube, thereby to permit very slow growth 
of the microorganism. Graded additions of p-valine up to 1000 y per tube 
failed to reveal any significant difference in acid production. The slight 
fluctuations in titration values occasionally observed, if due to contamina- 
tion rather than to inherent errors of the method, would be equivalent to 
less than 0.1 per cent of L-valine. 

The other three preparations were assayed by the method of Horn, Jones, 
and Blum (10), in which Streptococcus faecalis 9790 was used as the test 
organism. ‘The second sample, which was also made in this laboratory, 
was devoid of measurable amounts of L-valine, but the two commercial 
products yielded titration values corresponding to 0.12 and 0.15 per cent, 
respectively, of the L isomer. If one assumes that the values are real and, 
on the basis of a contamination of 0.15 per cent, calculates the L-valine 
intake of the animal that consumed the largest amount of p-valine in any 
4 day period, the figure obtained is 0.27 mg. per day. The average intake 
of t-valine by the rats which received 2.0 per cent of p-valine, as described 
below, could not have exceeded 0.17 mg. per day. White et al. (5) report 
that the addition to a valine-free basal ration of an amount of L-valine 
corresponding to 1 per cent of the p-valine employed in their experiments 
failed to diminish the loss in weight of the subjects. It seems obvious, 
therefore, that no measurable effect could have resulted from the apparent 
contamination of our preparations. Indeed, on several occasions, one of 
our products was substituted in the diet for another without inducing the 
slightest alteration in the response of the animals. 

The amino acids other than p-valine were invariably purified until they 
yielded correct analytical values. They were also tested microbiologically 
for L-valine (10), except in the first series of animal experiments, and were 
found to be devoid of detectable amounts of this amino acid. 

Weanling rats served as the experimental subjects save in one series of 
tests in which, for reasons to be explained later, heavier animals were em- 
ployed. Males only were used. Each was housed in a separate cage and 
permitted to consume food and water ad libitum. 

All of the animal tests involved the use of a single basal diet, the compo- 
sition of which is shown in Table I. The amino acid mixture (Mixture 
XXIII-f) was identical in make-up with Mixture XXIII (which we regard 

*The authors are indebted to Dr. L. M. Henderson of this department for much 
valuable aid and advice in making these tests. 
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as our standard (12)), except that the former contained 0.2 gm. of L-aspar. 
tic acid instead of 0.4 gm. of the racemic acid and was devoid of leucine and 
valine. The latter two amino acids were added directly to the basal] m- 
tion, in the quantities desired, at the expense of like weights of dextrin. 
When thus formulated, the diets furnished nineteen amino acids. In addi- 
tion to the vitamins present in the basal ration, those ordinarily used jn 
this laboratory and listed elsewhere ((13), Table II) were incorporated jn 
each kilo of food. 

The results of the experiments are summarized in Table II. Series | 


TaBLeE I 
Composition of Basal Diet 
Amount 
gm. 

Amino acid Mixture 13.62 
Vitamin A and D concentratef......................... 0.05 

100.00 


* Jones and Foster (11). 

+t This contained 60,000 U. S. P. units of vitamin A and 8500 U. S. P. units of 
vitamin D per gm. 

t Wilson’s liver concentrate N. F. 


was carried out about 3 years ago and is a repetition, under better dietary 
conditions, of the tests made in 1936. For the purpose in question, twenty- 
nine rats from ten litters were divided, as equitably as possible with respect 
to their initial body weights, into three groups. One group received 4 
diet containing 1 per cent of L-valine, the second an identical diet but con- 
taining 1 per cent of the p isomer, and the third a ration which was devoid 
of both. 1 Leucine, at a level of 1.2 per cent, was used throughout. The 
proportion of valine was based on an earlier observation that 0.7 per cent 
of the L enantiomorph represents the minimal requirement of the rat for 
optimal growth (1). It was assumed that 1 per cent of p-valine would be 
a liberal allowance, provided this amino acid can be inverted by the animal 
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The data show that, under the conditions specified, t-valine permitted a 
mean gain in 28 days of 115.4 + 1.5 gm., while p-valine resulted in a mean 
loss in body weight of 4.7 + 1.4 gm. The negative controls (valine-free 


TaBLeE II 
Comparative Growth Response of Rats to L- and D-Valine 


Males only. AI! animals had initial body weights of 48 to 62 gm. except those of 
Series III as indicated below. 


| weight and probable Nature of diet 
days gm. 

I 10 28 +115.4 + 1.5] 1.0% t-valine + 1.2% t-leucine 
10 28 —4.7 + 1.4 | 1.0% p-valine + 1.2% - 
9* 28 —15.0 + 0.9 | No valine + 1.2% t-leucine 

II 10 28 +104.3 + 4.6 | 10% t-valine + 1.2% t-leucine 
10T 28 —12.4 + 0.8 | 1.0% p-valine + 1.2% - 
10 28 —20.2 + 0.9 | No valine + 1.2% t-leucine 
10§ 28 —17.1 + 0.8 | 1.0% p-valine + 2.4% pt-leucine 

8 16 +79.4 + 4.5 | 10% t-valine + 1.2% t- 
8 16 —0.5 + 0.7 | 1.0% p-valine + 1.2% 

IV 54 28 —9.8 + 1.4} 1.0% + 1.2% 
5 28 +13.2 + 2.5 | 2.0% “8 + 1.2% = 

V 5 28 +25.6 + 1.8 | 2.0% “ + 1.2% . 
5 28 —1.2 + 0.8 | 2.0% - + 2.4% pt-leucine 


*Two of these animals died after 26 and 24 days, with losses in body weight of 
14 and 13 gm., respectively. 

t Two of these animals died after 24 and 26 days, with losses in body weight of 12 
and 19 gm., respectively. 

{ All of these rats succumbed during the course of the experiment, the period of 
survival varying between 16 and 27 days. 

§ Seven of these subjects died. The period of survival varied from 19 to 27 days, 
and the weight losses ranged from 11 to 21 gm. 

| The animals of this series had initial weights of 100 to 120 gm. and received a 
valine-free diet for 12 days. During this period, they experienced a mean loss in 
weight of 32.6 + 0.6 gm. They were then transferred to rations containing L- or 
bD-valine and were thus maintained for 16 days. Two of the rats which received 
bD-valine died on the 3rd day following the transfer from the depletion ration and 
consequently are not included in the calculation of the mean loss in body weight. 

{ One of these animals died after 24 days, having experienced a loss in body 
weight of 18 gm. 


ration) made an even poorer showing in that they experienced a mean loss 
of 150+0.9 gm. It is evident, therefore, that the more recent data con- 
firm the earlier findings except that, under the improved dietary conditions 
how used, all subjects, particularly those receiving L-valine, made a more 
satisfactory showing. 
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No definite benefit attributable to L-leucine could be detected by com. 
paring the findings in Series I with those obtained many years earlier with 
diets containing pi-leucine. However, in an attempt to obtain more con- 
vincing evidence concerning this point, a second experiment was under. 
taken, the results of which are summarized as Series II in Table II. Ip 
this experiment, forty rats from nine litters were divided into four groups. 
Three groups received diets containing, respectively, 1 per cent of L-valine, 
1 per cent of p-valine, and no valine. Each of these carried 1.2 per cent of 
t-leucine. The fourth group received a like ration containing 1 per cent 
of p-valine and 2.4 per cent of pi-leucine. The animals used in Series J] 
were of a different strain from those employed in Series I and yielded re- 
sults which were much more variable, as shown by the probable errors of 
the means. Furthermore, the mortality among the rats which were de- 
prived of valine, or which received the p isomer, was much higher. De. 
spite these unfortunate circumstances, the data demonstrate clearly that 
p-valine at a 1 per cent level, though superior to no valine, is incapable of 
supporting growth or of even maintaining body weight. On the other 
hand, the response of the subjects to p-valine when pL-leucine was included 
in the food appears to have been less satisfactory than when the ration 
contained L-leucine. Statistical analysis of the data is complicated by the 
high mortality of the group which consumed the racemic compound. Nev- 
ertheless, it seems reasonable to assume that, had the animals survived for 
28 days, the mean loss in weight would have been greater than the 17.1 + 
0.8 gm. shown in Table II. Thus, in so far as one may judge, the findings 
with respect to pL-leucine appear to confirm the observation of Wretlind 
(6). Further information concerning this point will be cited later. 

The experiments of Series I and II demonstrate that p-valine, at a level 
equal to an excess of the L isomer, is incapable of supporting growth. On 
the other hand, in both experiments, as in the older tests, the animals which 
received D-valine lost less weight than did their litter mates that consumed 
the valine-free ration. The most probable explanation of this is that some 
inversion of p-valine actually occurs. Thus, p-valine behaves like p-leu- 
cine, which also fails to support growth when supplied at a level corte 
sponding to an excess of the L isomer (1, 2). That it can be inverted in 
part in the animal organism has been shown also by labeling it with iso 
topes (14). With both amino acids, the rate of the inversion may be one 
of the significant factors in preventing greater utilization. 

An important difference in the technique used in our experiments will m 
those of White et al. (5) is that the latter investigators depleted their rats 
by placing them on a valine-free ration for 28 days prior to the adminis 
tration of the p isomer. Our experience with depletion has led us to be 
lieve that it renders animals more responsive to any substance which cat 
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be transformed into the dietary component of which they have been de- 
prived. It seemed possible that this difference in procedure might account 
for the divergence in findings. In an experiment designed to test this 
point, sixteen rats having initial weights of 100 to 120 gm. each were placed 
on a valine-free ration containing L-leucine. It soon became apparent that 
our strain of animals would not survive as prolonged a depletion period as 
had been used by White et al. (5). By the end of 12 days, the mean loss 
in body weight amounted to 32.6 + 0.6 gm. Consequently, the subjects 
were divided into two groups, one of which received 1 per cent of L-valine 
and the other a like amount of the Disomer. In making the division, litter 
mates were distributed equally between the two groups. The feeding trials 
were then continued for 16 days. 

The results of the experiment are summarized as Series III in Table II. 
Two of the animals which received p-valine died on the 3rd day following 
the transfer from the depletion ration and, hence, are not included in the 
calculation of the mean change in body weight, which amounted to —0.5 + 
0.7 gm. In this case, the individual behavior of the subjects is more re- 
vealing than the mean. Of the six animals that survived, three showed 
losses of 2, 3, and 3 gm., respectively, and three managed to gain 1, 1, and 
3 gm., respectively. Thus, depletion did render the rats somewhat more 
sensitive to the effect of D-valine. The positive controls also were rendered 
more responsive. ‘The mean daily gain of these subjects was slightly less 
than 5.0 gm., while the figures for the corresponding animals of Series I and 
II were 4.1 and 3.7 gm., respectively. However, depletion alone, at least 
for a 12 day period, is not sufficient to account for the gains observed by 
White et al. (5) following the administration of the p-amino acid. 

Although, as pointed out above, 0.7 per cent of L-valine supports optimal 
growth, Wretlind (6) reports that levels of p-valine in excess of 1 per cent 
are necessary to permit growth. Both he and White et al. (5) used 2 per 
cent in most of their tests. We have confirmed Wretlind’s observation in 
an experiment initiated to test this point. Of ten weanling rats from five 
litters, one animal from each litter was placed upon each of the two rations. 
The results are summarized as Series IV in Table II. The data demon- 
strate clearly that the subjects responded much better on the higher in- 
take. During the 28 day period, the animals receiving 1 per cent of p-val- 
ine experienced a mean loss in body weight of 9.8 + 1.4 gm., while those 
ingesting 2 per cent showed a mean gain of 13.2 + 2.5 gm. The latter 
figure represents much slower growth than that reported by White et al. 
(5), but compares favorably with most of the gains observed by Wretlind 
(6) under similar conditions. 

No entirely satisfactory explanation is available to account for the fact 
that 2 per cent of p-valine is necessary, even for slow gains, when half this 
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amount of the L isomer is more than enough to permit optimal growth, 
It is known that p-amino acids are less rapidly absorbed from the intestine 
(15) and are less efficiently retained by the kidneys (16) than are L-amino 
acids. Perhaps these factors are responsible for the unexpectedly high 
level of p-valine which is required for growth. If so, the utilization of other 
D-amino acids may be more dependent upon dosage than has hitherto been 
assumed. 

The final experiment had for its objective the acquisition of more con- 
vincing information concerning the effect of pL-leucine. For this purpose, 
ten rats were separated into two groups. One group received a diet con- 
taining 1.2 per cent of L-leucine, and the other, composed of litter mates, 
consumed a ration containing 2.4 per cent of the racemic compound. Both 
diets carried 2 per cent of p-valine. The results are summarized as Series 
V in Table II.4 As will be observed, the animals which received t-leucine 
showed in 28 days a mean gain in weight of 25.6 + 1.8 gm., while those 
which consumed pt-leucine suffered a mean loss of 1.2 + 0.8 gm. These 
data confirm those of Wretlind (6) and leave no doubt regarding the in- 
hibitory effect of the racemic amino acid when administered at the 2.4 per 
cent level. Whether this effect is due to a competitive inhibition of p-val- 
ine inversion, as proposed by Wretlind, or is to be explained on some other 
basis, must await further investigation. Suggestive are the results of cer- 
tain short term experiments which are not included in “Table II. At the 
expiration of the tests of Series V, the L-leucine content of the first diet was 
raised from 1.2 to 2.4 per cent, and the pi-leucine content of the other diet 
was lowered from 2.4 to 1.2 per cent. In the latter case, the effective leu- 
cine content of the food was reduced to a level which was below the minimal 
requirement for optimal growth (cf. (1, 17)). During the subsequent 8 
days, the mean daily gain in weight of the first group dropped from 0.91 
gm. to 0.48 gm. During the same interval, the rats which had been losing 
slightly on the higher percentage of pL-leucine now manifested a mean 
daily gain of 0.80 gm. In other words, the mean growth rates were re- 
versed by the dietary alterations. No definite conclusions can be drawn 
from these short tests, but the findings suggest that an amino acid im- 
balance may be responsible for the growth-inhibitory action of pi-leucine 
at the 2.4 per cent level. 

The experiments outlined above confirm the findings of White et al. (5) 
and of Wretlind (6) that growth can be induced by v-valine if sufficient quan- 
tities are included in the food. At best, however, the gains are very poor. The 
greatest mean daily increase in weight observed in our experiments with 2 


‘ The rats of Series V were of a different strain from those used in the other exper- 
ments. Doubtless this accounts for the divergence between the mean gains of the 
animals receiving D-valine and L-leucine in Series IV and V. 
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per cent of D-valine was 0.91 gm. Under similar conditions, the largest 
daily gains reported by White et al. (5) and Wretlind (6) were 1.16 and 1.40 
gm., respectively. Even with a diet containing 4 per cent of p-valine, 
Wretlind obtained a daily increase of only 1.90 gm. These figures are to 
be compared with mean daily gains of 3.72 to 4.96 gm. (Series I to III) 
when the ration contained 1 per cent of Lt-valine. Certainly, the growth 
effect of the p isomer is of little practical significance when the racemic 
amino acid is used as a dietary component. 

Attention has been called to the occurrence of quantitative differences in 
the growth response of different strains of rats following the administration 
of p-valine. Apparently, qualitative variations also may arise in the physi- 
ological symptoms resulting from L-valine deprivation. Many years ago, 
Rose and Eppstein (18) described a peculiar syndrome which develops in 
rats on valine-free rations. The most characteristic features of this con- 
dition are a marked sensitivity to touch and a profound lack of coordina- 
tion in movement. In the present investigation, the animals which were 
deprived of valine (Series I and Ii) manifested these symptoms, though as 
would be anticipated, in varying degrees and after different intervals of 
time. White et al. (5) report that they likewise observed them after their 
subjects had experienced a valine deficiency for 28 days. On the contrary, 
Wretlind’s (6) rats exhibited signs of cachexia only, with none of the neuro- 
logical traits which, in our experience, are so generally associated with this 
type of dietary inadequacy. 


SUMMARY 


Diets containing 1 per cent of D-valine are incapable of supporting the 
growth of weanling rats despite the fact that this intake level of L-valine 
provides more than enough of the amino acid to permit optimal gains in 
weight. When the p-valine content of the food is raised to 2 per cent, slow 
growth occurs. However, even at the higher level, the gains are extremely 
poor as contrasted with those induced by half as much of the L isomer. 
Either the inversion of p-valine is difficult for the organism to accomplish, 
or the slow absorption of the amino acid from the intestine and its rapid 
excretion by the kidneys interfere with its utilization. 

As observed by Wretlind (6), the moderate effectiveness of p-valine in 
promoting growth at the 2 per cent level is suppressed when the L-leucine 
content of the diet is replaced by twice the amount of pi-leucine. Certain 
factors which may account for this phenomenon are discussed. 
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INCREASE IN TISSUE SEROTONIN FOLLOWING 
ADMINISTRATION OF ITS PRECURSOR 
5-HYDROXYTRYPTOPHAN* 
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AND DONALD F. BOGDANSKI 


(From the Laboratory of Chemical Pharmacology, National Heart Institute, National 
Institutes of Health, Public Health Service, United States Department of 
Health, Education, and Welfare, Bethesda, Maryland) 


(Received for publication, August 16, 1956) 


The presence of 5-hydroxytryptamine in brain (2-4) has aroused con- 
siderable speculation that it might be involved in central nervous system 
function. Support for a central role for serotonin comes from observations 
that certain compounds structurally related to serotonin, which block its 
actions on smooth muscles in vitro, can profoundly influence the central 
nervous system (5, 6). More direct support results from studies on the 
central effects of parenterally administered serotonin in animals, the block- 
ing of these effects by lysergic acid diethylamide (7), and the finding that 
the central actions of reserpine are associated with depletion of the sero- 
tonin depots in the brain (8). 

Previous reports from this laboratory have shown that tryptophan is 
the dietary precursor of serotonin and that 5-hydroxytryptophan (5HTP) 
is the direct intermediate (9). Although a specific decarboxylase for 
SHTP is present in mammalian tissues (10), the amino acid itself has thus 
far been found only in toads (9) and bacteria (11). The inability to find 
SHTP in measurable amounts in mammalian tissues suggests that the 
limiting step in the formation of serotonin may be the hydroxylation of 
tryptophan to 5HTP. 

The studies presented in this report were designed to demonstrate the 
role of 5HTP as an intermediate in serotonin formation in vivo. Evidence 
is presented indicating that 5HTP, when administered to various animals, 
localizes in many tissues, including brain, and is gradually decarboxylated 
to serotonin. As a result, the concentration of serotonin is elevated in a 
number of tissues, including brain, where as high as 10 times the normal 
levels are reached. The animals exhibit symptoms similar to those induced 


* A preliminary report of this work was presented at the meetings of the Federa- 
tion of American Societies for Experimental Biology (1). 

t Part of this work will be presented in a thesis by Herbert Weissbach in partial 
fulfilment of the requirements for the degree of Doctor of Philosophy, Department of 
Biochemistry, School of Medicine, George Washington University, Washington, D. C. 
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by the hallucinogenic agent, lysergic acid diethylamide, and those rp. 
portedly caused by excess free serotonin in the brain (12). 


Methods and Materials 


5-Hydroxy-pL-tryptophan was generously supplied by Dr. Kenneth 
Hamlin of the Abbott Laboratories and Dr. Gustav Martin of The Na. 
tional Drug Company. 5-Hydroxy-pL-tryptophan-2-C™ (100,000 c.p.m. 
per umole) was prepared by a modification of the procedure of Ek and 
Witkop (13). 

Fluorometric Measurement—Fluorescence was measured in a specially 
designed spectrophotofluorometer which was previously described (14), 
Commercial models of this instrument are now available.? 

Measurement of Radioactivity—Serotonin was isolated from tissue homog- 
enates by butanol extraction, and portions of the extract were assayed 
spectrophotofluorometrically (4). Several mg. of serotonin creatinine 
sulfate were then added as carrier, and the sample was applied to What 
man No. 3 paper and chromatographed by using the system n-propanol-] 
N NH; (5:1). The serotonin areas were eluted, assayed spectrophotomet- 
rically, and counted. Measurements'of radioactivity were made with a 
gas flow proportional counter with a background of about 3 c.p.m. (15). 
These were corrected to constant weight based on a self-absorption correc- 
tion curve, and expressed as counts per minute per micromole of compound. 

Total 5-Hydroxyindoles and Serotonin in Blood—1 ml. of blood was di- 
luted with 7 ml. of water, and proteins were precipitated by addition of 1 
ml. of 10 per cent ZnSO, and 0.5 ml. of 1 Nn NaOH. The sample was then 
centrifuged to insure a clear solution. To determine total 5-hydroxyin- 
doles, 1 ml. of the supernatant solution was transferred to a cuvette and 
acidified by addition of 0.3 ml. of 12 Nn HCl. Fluorescence was measured 
in the spectrophotofluorometer and compared with serotonin standards 
carried through the same procedure. The values are reported in terms of 
serotonin, which was determined on an aliquot portion of the deproteinized 
blood supernatant solution by the butanol extraction procedure previously 
described (4). Recoveries of serotonin from whole blood, in using this 
procedure, were approximately 80 to 90 per cent, and were reproducible for 
a given blood sample. Internal standards prepared by adding serotonin to 
a duplicate sample of blood were always run as controls. Total 5-hy- 
droxyindoles minus serotonin were assumed to be 5HTP, there being n0 
appreciable 5-hydroxyindoleacetic acid (SHIAA) in blood. Plasma sero 
tonin levels were assayed by the butanol extraction procedure (4). 

Tissues—1 part of tissue was homogenized with 2 volumes of 0.1 n HC. 


1 Both the Aminco-Bowman spectrophotofluorometer and the Farrand spectro- 
fluorometer have been used for these studies. 
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An aliquot of this homogenate was assayed for serotonin by the method 
previously described (4). 5-Hydroxyindoleacetic acid was determined on 
another portion of the tissue homogenate by a modification of the procedure 
of Udenfriend, Titus, and Weissbach (16), treatment with 2,4-dinitro- 
phenylhydrazine and extraction with CH]; being omitted. 

To determine 5HTP, 1 ml. of homogenate was diluted with 2 ml. of water 
and deproteinized by the addition of 1 ml. of 40 per cent trichloroacetic acid 
(TCA). A 3 ml. portion of the supernatant solution was extracted twice 
with ether to remove TCA and 5HIAA. After the addition of 0.5 ml. of 
20 per cent NazCQO; to the aqueous phase, it was extracted with 15 ml. of 
n-butanol to remove serotonin. ‘To 1 ml. of the residual filtrate was added 
0.6 ml. of concentrated HCl, which was then assayed for 5HTP spectro- 
photofluorometrically, the activating wave length being 295 my and the 
fluorescent wave length 550 my. Standards were prepared by carrying 
known amounts of 5HTP through the entire precipitation and extraction 
procedures. Reagent blanks were run in the same manner, water being 
substituted for tissue homogenate. Tissues from control animals con- 
tained no detectable amounts of 5HTP. However, they did contain small 
amounts of fluorescent material which have other characteristics, a small 
degree of overlapping occurring at 550 my. This non-specific fluorescence 
in the control tissue was subtracted from the values obtained after 5HTP 
administration. 


EXPERIMENTAL 
| Radioactive Studies 
When C-labeled 5HTP was administered to rabbits, all the body depots 
of serotonin became highly radioactive. The serotonin labeling observed 
in several tissues 5 hours after a single dose of 9.6 mg. per kilo is shown in 
Table I. The high specific activity of the serotonin isolated from platelets 
and spleen, 20 to 30 per cent that of the administered 5HTP-C™, indicates 
that large amounts of C"-serotonin were deposited in comparison to the 


amounts of serotonin normally present in these tissues. It is also indica- 
tive of a small pool of 5HTP. 


Studies with Non-Isotopic 5-Hydroxytryptophan 


The high degree of labeling in tissue serotonin upon administration of 
SHTP-C™ suggested that it might be possible to use the amino acid to in- 
crease the amount of serotonin in the normal depots. Actually, when 
larger amounts of non-isotopic 5HTP were administered, large amounts of 
serotonin appeared, not only in the usual depots (brain, blood platelets, 
and gastrointestinal tract) but in most other tissues as well. Table II 
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shows the increase in serotonin content in a number of rat and dog tissues 
after administration of 5HTP. In dogs the serotonin content of hypothala- 
mus and cortex increased at least 10-fold after administration of 60 mg. per 


TABLE 
Serotonin Labeling in Rabbit Tissues after 5-Hydrorytryptophan-C' 


9.6 mg. of 5HTP, 100,000 c.p.m. per wmole, were injected into rabbits weighing 2 
kilos. Tissues were obtained 5 hours later. 


Specific activity of isolated serotonin 
Tissue 
Rabbit 1 Rabbit 2 
c.p.m. per pmole c.p.m. per umole 
Blood platelets................. 28 , 300 35,400 
TaBLeE II 


Distribution of Serotonin in Animal Tissues after 
Administration of 6-Hydroxytryptophan 


Serotonin concentration, y per gm. 
Tissue Rat Dog 
Control After SHTP* Control After SHTPt 

Blood 0.43 1.9 
Plasma 0.0 1.5 
Brain 0.4 2.4 1.5f 13.3f 

0.2§ 2.4§ 
Liver <0.1 6.0 <0.1 6.2 
Heart <0.1 3.1 
Uterus <0.2 2.5 


* Rats were given 150 mg. per kilo of 5HTP and killed 3 hours later. 

t Dogs were given 60 mg. per kilo of 5HTP and killed 90 minutes later. 
t Hypothalamus. 

§ Cortex. 


kilo of 5HTP. The blood level of serotonin in dogs, which was also greatly 
increased, could be detected in the plasma, where it is not normally found. 
The appearance of such high concentrations of serotonin in tissues after 
administration of 5HTP is of considerable significance, since the admin- 
istration of equivalent amounts of serotonin produced no measurable in- 
crease in brain, though small amounts did appear in the liver and kidney 
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up to 1 hour after administration of serotonin. It has already been shown 
(9) that the body distinguishes between serotonin administered as such and 
serotonin generated from 5HTP. In these studies, when serotonin was 
injected into dogs it was rapidly converted to 5HIAA and excreted within 
30 minutes. Following administration of 5HTP, excretion of 5HIAA per- 
sisted for several hours. 

In order to determine the sequence of biochemical events when 5HTP is 
administered, simultaneous determinations were made of 5HTP, serotonin, 
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Fic. 1. Rats were given iproniazid (75 mg. per kilo) and, 1 hour later, 5HTP (100 
mg. per kilo) was administered intraperitoneally. At specified intervals, the animals 
were killed and serotonin and 5HTP were determined in brain and liver. 

Fic. 2. Mice were given iproniazid (100 mg. per kilo) and, 1 hour later, 5HTP (150 
mg. per kilo) was administered intraperitoneally. At specified intervals, the mice 
were homogenized, each animal with its excreta. Determinations were carried out 
for serotonin, 5HTP, and 5HIAA. 


and 5HIAA in blood and tissues. Fig. 1 summarizes the findings in brain 
and liver after administration of the amino acid to rats. 5HTP is appar- 
ently taken up rapidly by these tissues and is converted there to serotonin. 
The serotonin is then oxidized to 5HIAA. In Fig. 2 are shown the results 
of similar studies in intact mice. It is apparent that it is the 5HTP which, 
like most amino acids, penetrates into the brain and other tissues, and, 
wherever 5HTP decarboxylase is present, is converted to serotonin, which 
is further metabolized to 5HIAA. 


Pharmacological Effects of 5HTP and Their Relationship to Serotonin 


The administration of 5HTP to dogs (30 to 60 mg. per kilo) produced 
marked effects which lasted several hours. These included tremors, ataxia, 
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loss of contact plantar reflex, pupillary dilation, loss of light reflex, lacrima- 
tion, apparent blindness, salivation, marked hyperpnea, and tachycardia, 
Such effects are also observed after the administration of lysergic acid 
diethylamide. In rabbits, 5HTP (60 to 100 mg. per kilo) produced simi- 


TaBLeE III 


Influence of Iproniazid on Serotonin Levels in Rabbit 
Brain after 5HTP Administration 


100 mg. per kilo of iproniazid were administered to adult male albino rabbits 
16 hours prior to 5HTP (70 mg. per kilo). All the animals were killed 90 minutes 
after 5HTP administration since those with both drugs could not survive beyond this 
time. The values presented are the averages obtained from experiments on three 
animals. 


Experiment Brain serotonin concentration 
per gm 
TaBLeE IV 


Influence of Iproniazid on Tissue Serotonin and 5HTP 
Levels in Rat after Administration of 5HTP 


The values are expressed in micrograms per gm. To 200 gm. Sprague-Dawley 
male rats, iproniazid (75 mg. per kilo) was administered 1 hour before 5HTP (75 
mg. per kilo). The animals were killed 3 hours after administration of 5HTP. 
Each value represents the average of at least two animal experiments. 


Serotonin SHTP 
Experiment 
Brain Liver Brain Liver 
0.63 0.3 0 0 
+ iproniazid ........... 1.1 0.5 0 0 
Iproniazid + 5HTP..... 4.1 6.3 15.7 58.6 


lar effects. Since administration of 5HTP introduces several indoles, 


i.e. 5HTP, serotonin, 5HIAA, and possibly others,? into the brain it is | 


necessary to determine which of these agents is responsible for the observed 
central actions. The use of isonicotinyl-isopropylhydrazine (iproniazid) 
(17), a potent inhibitor of serotonin oxidation in tissue homogenates, pro- 


2 Two unidentified indole spots have been observed on chromatograms of brain 
extracts after administration of 5HTP. 
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vided evidence that it was the increase in brain serotonin that was responsi- 
ble for the observed actions of 5HTP. Pretreatment of rabbits with 
iproniazid (100 mg. per kilo) made them much more sensitive to 5HTP. 
The effects appeared much sooner, were more intense, and caused death 
within 1 hour. The increased sensitivity was associated with an increased 
brain serotonin level (Table III). The increase in brain serotonin observed 
with iproniazid alone results from its actions on endogenous serotonin.’ 
In rats and mice, pretreatment with iproniazid was actually required be- 
fore 5HTP produced its characteristic effects. The influence of iproniazid 
on brain serotonin levels in the rat after 5HTP administration is shown in 
Table 1V. Lesser effects of iproniazid on serotonin produced from 5HTP 
were also observed in several other tissues. 


DISCUSSION 


These studies with 5HTP were undertaken to demonstrate its role as an 
intermediate in the formation of serotonin in vivo. This has been achieved. 
A more important finding is that 5HTP can rapidly penetrate into almost 
all body tissues, including the brain, and yield serotonin in those organs 
containing 5HTP decarboxylase. Since serotonin itself, when admin- 
istered in equivalent quantities, is rapidly metabolized and does not pene- 
trate into the brain in measurable quantities, it may be concluded that 
brain serotonin is normally synthesized in the central nervous system. The 
huge amounts of serotonin formed by malignant carcinoid tumors (2 to 3 
mg. per gm.) (18) also indicate that the serotonin depots actually carry 
out the synthesis of serotonin, since it is highly improbable that these 
tumors induce the formation of such large amounts of serotonin in other 
organs and then selectively concentrate it. 

The physiological and pharmacological implications of these studies may 
be of even greater significance than the biochemical. The finding of a 
substance which, when administered to animals, rapidly penetrates into 
the brain and is converted to serotonin in such a manner as to maintain an 
increased brain serotonin concentration over a long period of time, makes 
available a tool which should prove valuable in determining the normal role 
of serotonin. Studies with 5HTP in animals have already shown that an 
increase in brain serotonin can lead to marked central disturbance (19), 
and that in many animal species the effects resemble those seen with indole 
hallucinogenic drugs or after administration of reserpine and iproniazid 
(12). Preliminary findings also indicate that brain serotonin levels, after 
having been lowered by reserpine according to the procedure of Pletscher 
et al. (8), can be increased by administration of 5HTP. This may be 


*Udenfriend, S., Weissbach, H., and Bogdanski, D. F., Ann. New York Acad. 
Se., in press. 
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accompanied by a reversal of some of the pharmacological effects of reser- 
pine. 

It must be emphasized that administration of 5HTP produces an increase 
in serotonin not only in the brain but in almost all tissues. Tissues such 
as heart, uterus, kidney, and blood vessels are sensitive to the effects of 
serotonin (20,21). 5HTP may also provide a means of studying the effects 
of serotonin on these tissues in vivo. 


SUMMARY 

When 5-hydroxytryptophan is administered to animals, it is rapidly 
taken up by most tissues and is converted to serotonin wherever 5HTP 
decarboxylase occurs. Brain levels more than 10 times normal have 
been reached and maintained for several hours. At these levels laboratory 
animals exhibit marked central disturbance, the effects being similar to 
those observed after administering the hallucinogenic drug, lysergic acid 
diethylamide. 
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COMPARISONS OF THE OXIDATION OF Cy-HYDROXY- 
STEROIDS BY GUINEA PIG LIVER HOMOGENATES* 


By CHARLES D. KOCHAKIAN, BETTY R. CARROLL, 
AND BARBARA UHRI 


(From the Oklahoma Medical Research Foundation, Oklahoma City, Oklahoma) 
(Received for publication, April 14, 1956) 


The ability of slices or homogenates of the liver of a number of species 
of animals to oxidize the 17-hydroxy group of testosterone to a ketone 
group now has been demonstrated by several investigators (cf. (2, 3)). 
In many instances, the 4-androstene-3 ,17-dione formed has been isolated 
and characterized (4-8), but in other instances the formation of the 17- 
ketone group has been indicated by colorimetric methods (9-14). The 
action of the 178-dehydrogenase has been shown to be enhanced by diphos- 
phopyridine nucleotide (DPN) (9, 11), and, as in the case of other DPN- 
coupled oxidations (15), it has an optimal pH in the alkaline range (5). 

Several other tissues also possess the same or a similarenyzme. Kidney 
homogenate from various species (6, 16), serum from humans (17) but not 
rabbits (4), neoplastic (18) and benign hypertrophic human prostate (19) 
slices, and human ovarian adenocarcinoma homogenate (20) are able to 
convert testosterone to androstenedione. Intact but not hemolyzed red 
blood cells of the rabbit have been reported to possess the ability to con- 
vert testosterone to a substance which gives a Zimmermann color reaction 
(21). 

In addition to the 178-dehydrogenase, tissues have been shown to possess 
dehydrogenases which are active on other hydroxy groups of the Cy, ster- 
oids. Epitestosterone is oxidized to androstenedione by rabbit kidney 
homogenates and liver slices, minces, and homogenates (22), androsterone 
and etiocholan-3a-ol-17-one are converted to their respective diketones by 
rabbit liver slices (23), androstane-3a , 178-diol is converted to the diketone 
and monoketones by slices and homogenates of liver and kidney from rab- 
bit, guinea pig, and rat (24), and A®-36-hydroxysteroids are converted to 
A‘-3-ketosteroids by slices of only those tissues which normally produce 
hormones with the A‘-3-ketosteroid structure (25) and also by slices of 
mouse adrenal and testicular interstitial cell tumors (26). A 3a-hydroxy- 


* This investigation was aided by grants from the National Cancer Institute of the 
United States Public Health Service and a contract with the United States Atomic 
Energy Commission. Parts of these data were presented before the American Asso- 
ciation for Cancer Research at San Francisco, April 15-17, 1955 (1). 
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TaBLeE I 


OXIDATION OF Cig9-HYDROXYSTEROID 


Comparison of Ability of Guinea Pig Liver Homogenates 
to Metabolize Hydroxy Groups of Various Ci, Steroids* 


Metabolites 
Substrate 
nee Steroids Per cent 
per cent 
17-Hydroxy-3-ketosteroids 
4-Androsten-178-ol-3-one 3 4-Androstene-3,17-di- (62 + 4.0) 91 + 5.2 
(testosterone) one 
Etiocholan-178-ol-3-one 5 Etiocholane-3,17-dione (21 + 1.6 92 4 49 
Etiocholan-3a-ol-17-one |12 + 0.0 
Androstan-178-ol-3-one 4 Androstane-3,17-dione (10 + 1.9) 91 + 1.0 
4-Androsten-1l7a-ol-3-one 2 4-Androstene-3, 17-di- 5 + 0.0) 90 + 7.3 
(epitestosterone) one 
3-Hydroxy-17-ketosteroids 
Androstan-3a-ol-17-one 4 Androstane-3,17-dione 15 + 2.1 89 + 38 
(androsterone) Androstan-38-ol-17-one |5 2+ 14.7 
(epiandrosterone) 
Androstan-38-ol-17-one 5 Androstane-3,17-dione |9 + 2.4) 93 + 3.5 
(epiandrosterone) 
5-Androsten-38-ol-17-one 5 4-Androstene-3, 17-di- 8 + 1.9) 91 + 24 
(dehydroepiandros- one 
terone) 
3,17-Dihydroxysteroids 
5-Androstene-38 , 178-diol 3 4-Androstene-3, 17-di- 5.5 + 0.8) 
one 
5-Androsten-38-ol-17- 2.9 + 0.5) 89 + 1.9 
one (dehydroepian- 
drosterone) 
5-Androstene-38, l7a-diol 2 4-Androstene-3, 17-di- 1.6 + 0.7 
one 
4-Androsten-17a-ol-3- 2.3 + 1.3104 + 2.0 
one (epitestosterone) 
5-Androsten-38-ol-17- 2.2+ 1.0 
one (dehydroepian- 
drosterone) 
Androstane-38, 178-diol 3 Androstane-3,17-dione | 1.2 + 0.3 90 + 78 
Androstan-38-ol-17-one | 1.8 + 0.5 
(epiandrosterone) 
Androstane-3a , 178-diol 3 Androstane-3,17-dione | 2.1 + 0.1 
Androstan-3a-ol-17-one | 0.4 + 0.1) 89 + 48 
Androstan-38-ol-17-one | 0.3 + 0.1 
(epiandrosterone) 
Monohydroxysteroids 
5-Androsten-36-ol 1 
Androstan-3a-ol 1 
Androstan-38-ol 1 
Androstan-178-ol 1 
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TaBLE I—Concluded 


* Adult, non-fasted animals were used. The liver (12 gm.) and 50 ml. of 0.166 mu 
pyrophosphate buffer (pH 9.0) were mixed in a Waring blendor for 30 seconds. The 
mixture was transferred by washing with 50 ml. of buffer to a Fernbach flask, and 
400 mg. of NA, 50 mg. of DPN, and 50 mg. of the steroid were added with shaking. 
The incubation was carried out at 37° for 1.5 hours with air as the gaseous phase. 

t The total recovery represents metabolites plus substrate recovered. The 
values are the mean + the standard error. 


steroid dehydrogenase which acts on both Cig and C2 steroids has been 
prepared from rat liver (27, 28). 

The presence of enzymes similar to those occurring in anima] tissues also 
has been shown (cf. (3)) to be present in Flavobacterium (29-31), Proac- 
tinomyces (32), and Pseudomonas grown on testosterone (33, 34). 

Androgens possess multiple physiological effects which do not neces- 
sarily quantitatively parallel each other (35-38). It has been suggested 
(35) that the physiological and biochemical properties of the androgens 
and their quantitative differences may depend not only upon the androgen 
administered but also on the nature of the metabolites formed by the vari- 
ous tissues of the body. Pursuant of this hypothesis, it seemed of value 
to determine the ability of the tissues to metabolize the androgens. In 
this report, a comparison has been made of the ability of male guinea pig 
liver homogenate to oxidize the hydroxy groups of a number of Cy, steroids 
(see Table I). 


EXPERIMENTAL 


Purification of Steroids—Each of the steroids' was submitted to adsorp- 
tion chromatography on alumina. The fractions indicating a single sub- 
stance on paper chromatography (0.5 mg. per spot) were pooled according 
to steroid. After treatment with Darco charcoal, the dihydroxy com- 
pounds were recrystallized from hot benzene containing 2 per cent absolute 
ethanol, and the remainder of the compounds were recrystallized from 
acetone and water. The melting point? and infrared spectrum? of each 
steroid were determined. 

Procedure—The liver was obtained from adult male animals which were 
killed by a blow at the base of the skull and bled. The homogenates were 
prepared by mixing 12 gm. of liver with 50 ml. of 0.166 mM pyrophosphate 
buffer (pH 9.0) for 30 seconds in a Waring blendor. ‘The enzyme in guinea 


1 The steroids were generously provided by Syntex, 8. A., and Ciba Pharmaceutical 
Products, Inc. 

? All melting points were obtained with a Fisher-Johns apparatus adapted for use 
with a microscope. 

* Infrared analyses were performed on a model 21 Perkin-Elmer infrared spectro- 
photometer. 


49 

7 

| 
a 

x 

| 

' 

2 


814 OXIDATION OF Cj9-HYDROXYSTEROID 


pig liver homogenate has optimal activity at pH 9.0 with the pyrophos- 
phate buffer (unpublished). The homogenate mixture was transferred to 
a Fernbach flask with an additional 50 ml. of buffer, and 400 mg. of nico- 
tinamide (NA), to prevent the splitting of DPN‘ by tissue nucleotidase 
(41, 42), 50 mg. of DPN, and 50 mg. of the steroid were added with shak- 
ing. The mixtures were incubated at 37° for 1.5 hours. Air was the gas- 
eous phase. 

Isolation and Identification of Metabolites—The extraction procedure was 
as previously described (22). The lipide materials obtained after removal 
of the proteins and the phospholipides were submitted to chromatography 
on alumina (washed Harshaw). The fractions were pooled in accordance 
with their elution properties, and a 0.5 mg. aliquot of the pooled fractions 
was submitted to qualitative analysis by paper chromatography (43). The 
fractions indicating one substance were assayed and then recrystallized 
for final identification. Fractions consisting of mixtures or containing 
non-steroidal impurities were submitted to paper chromatography for sep- 
aration and purification. 

Compounds containing an a,$-unsaturated ketone were assayed by ab- 
sorption at 241 my with a Beckman DU spectrophotometer. Compounds 
containing a ketone without a conjugated double bond were assayed by a 
modified Zimmermann reaction (44). The dihydroxy compounds were as- 
sayed by the Pincus method (45). Since none of these methods is appli- 
cable to the monohydroxysteroids, the recoveries of these compounds were 
determined only on a weight basis following recrystallization. 

Characterization of Metabolites—Amounts of metabolites less than 1 per 
cent were consistently and readily detected. If the amounts of the metab- 
olites were less than 1 per cent, the products from the different experiments 
were pooled for final purification and identification. The identity of the 
recovered steroids was determined by their behavior in alumina and paper 
chromatography, color reactions, absorption at 241 my, melting point and 
mixed melting point, and infrared spectrum. Acetates or oximes of some 
of the compounds also were prepared and compared with those of known 
compounds. 


Results 
Control Experiments—Two types of control experiments were carried out: 


(a) the steroids were submitted only to alumina chromatography, and (0) . 


they were incubated exactly as in the studies but the liver was previously 
boiled. Each steroid was studied at least once in each type of control. 
A total of thirty-five experiments was performed. The average recovery 


‘The endogenous DPN of guinea pig liver is about 0.5 mg. per gm. (39, 40). 
Lower values were obtained in our assays. 
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was 95 per cent (82 to 103 per cent). The few relatively low recoveries 
were experienced with the diols after incubation. 
17-Hydroxy-3-ketosteroids—All of these compounds were metabolized to 
their diketones. No other metabolites were formed except with etiocholan- 
178-ol-3-one which yielded not only the diketone but also etiocholan-3a- 
ol-17-one. Testosterone was oxidized to the greatest degree. Reduction 
of the A ring of the steroids decreased the effectiveness of the enzyme. 
Furthermore, the oxidation of the 5a-steroid,5 androstan-178-ol-3-one, was 
decreased more than that of the 58 compound, etiocholan-178-ol-3-one. 
The 17a-hydroxy] of epitestosterone was oxidized only to the extent of 8 
per cent of the 178-hydroxy] of testosterone. 
3-Hydroxy-17-ketosteroids—These compounds were metabolized to their 
corresponding diketones. No other metabolites were detected except in 
the case of androsterone which yielded not only androstanedione but also 
epiandrosterone presumably by the reduction of part of the newly formed 
androstanedione. It is of special interest that epiandrosterone in turn was 
not partly converted to androsterone. Androsterone was twice as readily 
metabolized as epiandrosterone. Unsaturation at C-5 (dehydroepiandros- 
terone) did not influence the degree of oxidation of the 38-hydroxyl. 
3,17-Dihydroxysteroids—The corresponding diketones were formed from 
each of the compounds. Furthermore, 5-androstene-38,17a-diol also 
yielded both the 3- and 17-monoketonic compounds, but the other steroids 
which had a 178-hydroxyl yielded the respective 17- but not the 3-mono- 
ketones. The 3a-hydroxy compound also yielded epiandrosterone pre- 
sumably in the same manner as that from androsterone (see above). 
Monohydrorysteroids—These compounds were not metabolized to any 
detectable degree, less than 0.1 per cent, if at all. Each steroid was re- 
covered with only the expected losses from manipulations. 


DISCUSSION 


The great variation in the degree of oxidation of the hydroxy groups of 
the various steroids cannot be completely explained at this time. Several 
considerations, however, may be discussed. It is known that these com- 
pounds vary considerably in their solubility in various media including 
tissue fluids, as indicated by their absorption from subcutaneously im- 
planted pellets (35, 37). A comparison of the solubility of these com- 
pounds in tissue fluids with their degree of oxidation does show a rough 
parallelism, but there are major exceptions. For example, dehydroepian- 


* Similar studies (unpublished) conducted with testosterone and androstan-17,- 
ol-3-one, but at pH 7.4 with and without NA and DPN, resulted in a proportionate 
decrease in the metabolism of each of the steroids. 
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drosterone is more soluble than testosterone in tissue fluids (35), yet its 
oxidation is only about 12 per cent of that of testosterone. 

The influence of the chemical structure of the rest of the molecule on the 
oxidstion of the steroid is strongly suggested and might indicate the degree 
to which the steroid molecule fits the specific enzyme. The conditions of 
the experiments are those which are optimal for testosterone. It is highly 
probable that the conditions are different for each steroid or that a different 
enzyme with different cofactors is required for each particular steroid. It 
is significant that the presence of DPN did not result in a marked increase 
in the metabolism of epitestosterone and androstane-3a ,178-diol over that 
previously observed without the addition of this cofactor (22, 24). 

The formation of the corresponding 38-hydroxysteroid from the 3a-hy- 
droxysteroids, but not the reverse, suggests that the 38 form is preferred. 
The course of the reaction very likely is oxidation of the 3a-hydroxy] to 
the 3-ketone followed by reduction. Androstane-3,17-dione is reduced 
preferably to epiandrosterone by guinea pig liver homogenates (19) but 
only to androsterone by an enzyme preparation from Pseudomonas (33) 
and rat liver (28). 

The metabolism of etiocholan-17f-ol-3-one was of special interest, for 
not only did the ring structure greatly increase the oxidizability of the 176- 
hydroxyl] over that of its corresponding androstane compound, androstan- 
178-ol-3-one, but also permitted the reduction of the 3-ketone group to the 
3a-hydroxyl presumably after oxidation of the 176-hydroxy]. Further- 
more, in contrast to the androstane series the etiocholane series does not 
give rise to the 36-hydroxyl under the influence of the guinea pig liver en- 
zymes. It is of interest that the hydroxyl group formed in both series is 
spatially cis to the hydrogen atom at Cx. 


SUMMARY 


A homogenate of guinea pig liver fortified with nicotinamide and diphos- 
phopyridine nucleotide at pH 9.0 oxidized the hydroxy group of eleven 
Cig steroids to varying degrees, and four monohydroxysteroids yielded no 
metabolites. The greatest oxidation occurred with testosterone, 62 + 4.0 
per cent. Etiocholan-17$-ol-3-one was oxidized 3.5 times more than its 
corresponding androstane compound. The 17a-hydroxy! was only slightly 
oxidized. The 3a-hydroxyl was oxidized to a greater degree than the 36- 
hydroxyl. The diketones of the respective steroids were either the main 
or the only metabolites detected. The 3a-hydroxy compounds also yielded 
their 38 compounds, the four diols yielded their respective 17-ketones, and 
the 17a-diol also yielded the 17a-hydroxy-3-ketosteroid. Etiocholan-17é- 
ol-3-one was the only 17-hydroxy-3-ketosteroid to yield a 3-hydroxy-17- 
ketosteroid; furthermore, only the 3a-hydroxysteroid was formed. 
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LIPIDES OF CYTOCHROME OXIDASE* 
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The finding (1) that cytochrome oxidase is associated with the water- 
insoluble fraction of mitochondria and is brought into solution by cholic 
acid or high salt concentration points to the lipoprotein nature of this 
enzyme. Indeed, the mitochondria from which the oxidase is prepared 
are rich in lipides (2), the probable importance of which in the function 
of the cytochromes has been discussed by several workers (3-6). Interest 
along these lines led to investigation of the lipide composition of the cyto- 
chromes and of mitochondrial fragments containing the cytochromes or 
the succinoxidase system (7-9). As an extension to the previous work 
from our laboratory on the hemin components of purified cytochromes 
(10), we undertook the investigation of the lipides associated with these 
enzymes, and the results show that the purified cytochrome oxidase prepa- 
ration contains 33 per cent lipide on a dry weight basis. The lipides con- 
sist of free cholesterol, neutral fat, phospholipides, and other unidentified 
lipides. The major phospholipides are lecithin and phosphatidyl ethanol- 
amine. 

In view of the recent studies of Nason and Lehman (11) implicating 
tocopherol-like compounds as activators of the succinoxidase system, an 
analysis was made for this vitamin. Both chemical and spectral analyses 
failed to detect tocopherol in the oxidase preparation. However, spectral 
studies revealed the presence of an unidentified compound with absorption 
maxima at 230 and 274 mu. 


EXPERIMENTAL 


Methods and Reagents—Cytochrome oxidase was prepared by the method 
of Smith and Stotz (1). The lipides were fractionated on silicic acid col- 
umns essentially according to the combined methods of Fillerup and Mead 
(12) and Lea et al. (13). Paper chromatographic analysis of the phospho- 
lipides was carried out by procedures developed in this laboratory (14, 15) 
and also by the method of Lea and coworkers (13), and phosphorus anal- 
yses were made as described by Harris and Popat (16). Cholesterol was 


*This work was supported in part by a grant, No. H2063, National Heart Insti- 
tute, National Institutes of Health, Public Health Service. 
t Recipient of a Lederle Medical Faculty Award. 
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determined by the Liebermann-Burchard reagent, 10 ml. of a chloroform 
solution of the lipide and 4 ml. of acetic anhydride-sulfuric acid 20:1 being 
used. Exactly 20 minutes after addition of the latter reagent, color in- 
tensities were read with a Klett colorimeter (No. 420 filter). Tocopherol 
was determined by the method of Eggitt and Ward (17). 

Organic solvents used for lipide extraction and column fractionation 
were analytical grade reagents. Ethyl ether was freed from peroxides by 
treatment with ferrous sulfate and redistillation. 

Lipide Extraction—Four type II' cytochrome oxidase preparations (1), 
obtained from 800 gm. (wet weight) of washed pig heart muscle, were 
combined and washed five times at 0° with 30 ml. portions of distilled 
water by homogenizing in a ground glass homogenizer for 5 minutes and 
centrifuging at 20,000 < g for 30 minutes. The washing removed am- 
monium sulfate and most of the cholic acid. The reddish green oxidase 
residue (328 mg., dry weight)? was treated with 15 ml. of methanol and 
stirred well, and then 15 ml. of chloroform were added. The suspension 
was heated at 60° for 15 minutes, cooled, and centrifuged. The super- 
natant fluid was pale green in color and contained a very small amount of 
hemin. The residue was extracted twice more in the same manner and 
the supernatant fluids were combined and evaporated to dryness in vacuo 
under nitrogen at 40° to yield 122 mg. of residue. In order to extract the 
lipides selectively, the residue was treated three times with 10 ml. portions 
of chloroform at 40° for 15 minutes. The combined chloroform extracts 
were filtered through a sintered glass funnel, and the filtrate was evapo- 
rated to dryness to yield 109 mg. of total lipides* which did not contain 
hemin or free amino acids. Thus, the oxidase preparation contains 33 
per cent lipide (dry weight). 

The hemin which was cleaved from the oxidase preparation by the hot 
methanol-chloroform solvent was found to be insoluble in chloroform alone. 
The P content of the total lipides was 1.5 per cent. Since the total P 
content of the original washed oxidase preparation was 0.97 per cent, the 
lipide P accounts for 51 per cent. Analyses by Widmer (18) showed that 
the remaining non-lipide P is attributed to nucleic acid and phosphopro- 


tein. 
Lipide Fractionation on Silicic Acid—An aliquot of the chloroform solu- 
tion containing 54.4 mg. of total lipides was evaporated to dryness, dis- 


1 The precipitate obtained by treating the type I cytochrome oxidase preparation 
with 0.1 m Na,HPO, was used at this stage. 

2 The 328 mg. represents 0.20 per cent of the original heart muscle on a dry weight 
basis, assuming the heart muscle to be 80 per cent water. 

* The fatty acids of the cytochrome oxidase lipides have been shown (18) to con- 
tain 13 per cent arachidonic acid. 
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solved in 5 ml. of petroleum ether (b.p. 30-60°), and passed through a 
column (1.0 cm. inner diameter) containing 3 gm. of silicic acid (Mal- 
linckrodt, 100 mesh, for chromatographic purposes). The lipides were 
fractionated with solvents of increasing polarity in the order given in Ta- 
ble I. Preliminary studies showed that satisfactory separations of model 
lipide mixtures could be obtained under these conditions. Lipides which 
were eluted by each solvent mixture were as follows: non-polar hydro- 
carbons by petroleum ether, cholesterol esters by 1 per cent ethy] ether in 


TaBLeE I 
Results of Chromatography of Cytochrome Oxidase Lipides on Silicic Acid 
Eluting solvent Pelutedt | Chclesterol 
ml. mg. mg. mg. 
1 Petroleum ether 50 0.2t 0.0 0.0 
2 1% ethyl ether in petroleum | 50 0.2t 0.0 0.0 
ether 
3 3% ethyl ether in petroleum | 50 13.3 0.0 0.0 
ether 
4 10% ethyl ether in petroleum | 50 9.5 0.0 1.75 
ether 
5 50% ethyl ether in petroleum | 50 5.1 0.016 0.0 
ether 
6 25% MeOH in ethyl ether 50 9.3 0.205 0.0 
7 MeOH-CHC]; 1:1 50 12.1 0.442 0.0 
8 MeOH 100 2.7 0.115 0.0 


* The total amount of lipide put on the column was 54.4 mg. 

t The total amount of P put on the column was 0.817 mg. 

t These values are at the limit of the precision of the analytical balance used and 
are therefore not significant. 


petroleum ether, triglycerides by 3 per cent ethyl in petroleum ether, and 
free cholesterol and fatty acids by 10 per cent ethyl ether in petroleum 
ether. In order to elute phospholipides, solvents containing methanol 
were required. Either 25 per cent methanol in ethyl] ether or in chloroform 
eluted first phosphatidyl ethanolamine and then lecithin. Phosphatidyl 
ethanolamine was eluted as a sharp symmetrical peak, whereas lecithin 
was eluted as a skewed peak with considerable trailing. In order to re- 
move lysolecithin, a higher concentration of methanol was required. There 
was a small amount of overlapping between adjacent lipides, but this could 
be either minimized or prevented by increasing the silicic acid to lipide 
ratio and by taking a larger number of fractions of smaller volume. 
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The results of the lipide fractionation show that 96.5 and 95.3 per cent 
of the total lipides and of lipide P, respectively, applied to the column were 
recovered. The data show that the oxidase preparation contains no non- 
polar hydrocarbons and cholesterol esters. The total lipides were found 
to have the following composition: phospholipide (Iractions 6 to 8) 46.1 
per cent; neutral fat (Fractions 3 and 4, corrected for cholesterol) 40.3 per 
cent; free cholesterol (found only in Fraction 4) 3.34 per cent; and unidenti- 
fied lipides (Fraction 5) 9.73 per cent. Fraction 4 contained some neutral 
fat in addition to free cholesterol. The unidentified lipides in Fraction 5 
gave the same orange color reaction with acetic anhydride-sulfuric acid as 
did cholic acid. Since work in this laboratory (18) has shown that. cholic 
acid is difficult to remove from the oxidase preparation even by prolonged 
dialysis, Fraction 5 is believed to contain this bile acid. 

From the data in Table I, the cytochrome oxidase preparation was found 
to have the following lipide composition (dry weight): phospholipide 14.7; 
neutral fat 12.8; free cholesterol 1.02; and other lipides 3.12 per cent. 

Paper Chromatographic Analysis of Phospholipide Fractions—The phos- 
pholipide constituents of Fractions 6 to 8 were determined by paper chro- 
matography. The individual phospholipides were identified by chemical 
tests, comparison of their mobility with known pure phospholipides, and 
by acid hydrolysis of the total lipides and characterization of the nitro- 
gen-containing products, choline, serine, and ethanolamine. 

Typical chromatograms of the Fractions 6 to 8 are given in Fig. 1. 
Fraction 6 was found to contain mainly phosphatidyl ethanolamine (Spots 
6, d and g) and a small amount of a lipide corresponding to acetal phos- 
phatide (Spot 6, b). In addition, Fraction 6 contained a very small amount 
of lecithin (Spot 6, 4), which was observed only in Solvent B. Fraction 7 
was found to consist mainly of lecithin (Spots 7, e and k), a small amount 
of acetal phosphatide (Spots 7, d and 7), and a very small amount of phos- 
phatidyl ethanolamine (Spots 7, f and 7). As a result of chemical hy- 
drolysis studies, phosphatidyl serine is believed to occur with the phos- 
phatidyl] ethanolamine spot. Fraction 8 was shown to be mainly lecithin 
(Spot 8, b) and a small amount of a component corresponding to sphingo- 
myelin (Spot 8, a). The remaining spots on the chromatograms were not 
identified. However, Spots 7, c and h, and 6, f failed to give a positive 
test for choline or free amino groups and are believed to be inositol phos- 
phatide. A sample of brain inositol phosphatide behaved similarly to this 
component. On the other hand, the ninhydrin-reacting spot remaining 
at the origin is believed to represent a lipide-polypeptide complex. Evi- 
dence supporting such a complex is given below. 

HCl Hydrolysis of Oxidase Lipides—40 mg. of total oxidase lipides were 
refluxed in 6 N HCl for 6 hours. The liberated fatty acids were removed 
by extraction with petroleum ether. The aqueous phase was evaporated 
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to dryness 7m vacuo under nitrogen and the residue dissolved in 1 ml. of 
80 per cent methanol and subjected to paper chromatographic analysis 
in the following solvents: Solvent A, phenol saturated with water (am- 
monia atmosphere); Solvent B, collidine-lutidine 1:1 saturated with water; 
Solvent C, n-butanol saturated with water; Solvent D, n-butanol-acetic 
acid-water 4:1:5 (upper phase); and Solvent E, n-butanol-ethylene glycol- 


SOLVENT SOLVENT 


©) 


6 7 6 7 8 


Fic. 1. Chromatograms of the cytochrome oxidase phospholipide, Fractions 6 to 
8. The diagrams are scale drawings of actual chromatograms. Solvent A is chlo- 
roform-methanol 3:1 and Solvent B is methyl isopropyl ketone-acetic acid 30:3. 
Silicie acid-impregnated Whatman No. 1 filter paper was used with Solvent A, and 
acetic acid-washed unimpregnated paper with Solvent B. With Solvent A, 100 y of 
sample were used for chromatography, and with Solvent B 50 y were employed. The 
following spots gave a positive test for choline: Spots 7, e and k (strong), Spot 8, b 
(moderate), and Spots 6, h and 8, a (weak). The following spots gave a positive test 
with ninhydrin: Spots 6, d and g (strong); Spots 7, d and i (moderate); Spots 6, a, 
b, and e, 7, a, f, and g (weak), and 6, c and 7, 7 (very weak). All the spots were 
detected by the use of the fluorescent dyes, Rhodamine G and B, National Aniline 
Division Allied Chemical and Dye Corporation. 
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water 4:1:1. Compounds containing a free amino group were detected 
by spraying the chromatograms with 0.2 per cent ninhydrin in acetone- 
lutidine 9:1, and choline-containing substances were detected by spraying 
the chromatograms with 1 per cent phosphomolybdic acid in methanol- 
chloroform 1:1, washing the papers thoroughly with running tap water, 
and then immersing them in 1 per cent SnCl, in 3 N HCl. Choline, eth- 
anolamine, and serine were run simultaneously with the oxidase hydroly- 
sate. Major components were found in the oxidase hydrolysate with R, 
values identical with bases mentioned above. These PR, values for choline, 
ethanolamine, and serine in the above solvent systems are, respectively, 
as follows: Solvent A, 0.92, 0.85, 0.30; Solvent B, 0.33, 0.15; Solvent C, 
0.08, 0.09, 0.05; Solvent D, 0.34, 0.53, 0.34; and Solvent EK, 0.48, 0.49, 0.35. 
These findings support the presence of lecithin, sphingomyelin, phospha- 
tidyl ethanolamine, phosphatidyl serine, and acetal phosphatide which 
were observed on chromatograms of the intact lipides. 

In addition to the expected bases mentioned above, eight other nin- 
hydrin-reacting spots were observed on the chromatograms of the oxidase 
hydrolysate. This finding was unexpected since the total lipide extract 
did not contain any free amino acids, owing to the extensive washing of 
the oxidase preparation prior to lipide extraction. This observation leads 
us to postulate the occurrence of either new types of amino-containing 
phospholipides or of a lipide-polypeptide complex which may have been 
cleaved from the oxidase preparation by the hot organic solvents. The 
occurrence of such complexes in tissues has been reported by others (19-21). 

Analysis for Tocopherol—Fractions 1 to 4 were combined and analyzed 
for tocopherol and found to be completely negative. In order to confirm 
the chemical analysis, these fractions were analyzed spectrally‘ in the region 
210 to 700 my at a concentration of 54.5 y per 1 ml. of either hexane or 
absolute methanol. a-Tocopherol (Eastman Kodak Company) was ana- 
lyzed at similar concentrations under the same conditions. This vitamin 
had the expected strong absorption bands at 228 and 292 muy, whereas 
the lipide fraction from cytochrome oxidase possessed strong bands at 230 
and 274 mu. This finding rules out the presence of tocopherol and also 
of vitamin K, which has bands at 243, 248, 261, and 328 mu. The lipide 
Fractions 1 to 4 were shown to be free from P and N. 

It is noteworthy that Tappel (22) has studied the oxidation of lipides 
by hemin compounds and has observed that the peroxidation of linoleate 
gives rise to a product with absorption bands at 232 and 278 mu. Since 
the oxidase preparation contains both hemins and lipides, it is possible that 


‘Spectral analyses were made by Dr. W. B. Mason and Mr. J. Salvatore of the 
University of Rochester Atomic Energy Project and were made possible in part by 
funds from the United States Atomic Energy Commission. A Perkin-Elmer model 
No. 21 double beam spectrophotometer was used. 
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the component in Fractions 1 to 4 which possesses the absorption bands 
mentioned above may be a similar peroxidized lipide. We have also ob- 
served this component in the lipides extracted from a preparation (23) 
containing a factor linking succinic dehydrogenase with cytochrome c. 
Of further interest is our finding that the oxidase lipide Fractions 1 to 4 
contain a factor which was able to restore the activity of an isooctane 
extracted heart muscle preparation similar to that reported by Nason and 
Lehman (11). A preliminary note on this work has been submitted for 
publication.° 


DISCUSSION 


The high concentration of lipides in mitochondria suggests a structural 
role of lipides in these particles. Furthermore, the importance of lipides 
in the interaction of cytochromes in biological oxidations has now been 
clearly indicated (3-6). The question arises whether the gamut of en- 
zymes known to occur in mitochondria are arranged in an orderly manner 
and, if so, whether the lipides constitute a matrix in which the enzymes 
are imbedded. Although it appears reasonable that the lipides constitute 
part of an essential structural framework of mitochondria, it seems equally 
reasonable that some of the insoluble enzymes located in these particles 
are themselves lipoproteins. This might mean that lipides play a role in 
the structure and function of such enzymes. In order to test these postu- 
lates, we undertook the study of the lipide composition of some of the en- 
zymes or fragments obtained from mitochondria. The work presented in 
this paper is the beginning of this project, and the results clearly show 
that the purified cytochrome oxidase preparation is rich in lipides. In- 
deed, the high lipide content may be responsible for the insolubility of this 
enzyme in water. The solubility effect of cholate may now be explained 
by its ability to displace and substitute for a lipide component. In par- 
ticular, and especially in view of structural similarity, it appears that cho- 
late displaces cholesterol or cholesterol esters from the lipoprotein complex, 
conferring on it a higher degree of polarity and water solubility due to the 
lyophilic and polar carboxy] groups of the bile salt. The low concentration 
of free cholesterol and the absence of cholesterol ester in the oxidase prepa- 
ration may be a reflection of such an action. Others (24) have drawn 
attention to this phenomenon, and have suggested that the specificity of 
lipide liberation from a lipoprotein may be due to a similarity in structure 
between the reagent and the displaced lipide. 

Although lipides have been suggested as being implicated in biological 
oxidation-reduction reactions, no definitive evidence in support of such a 
hypothesis has been found. Essential fatty acids (25) might play such 
a role but clear evidence is lacking. The finding’ (11) that a lipide-extrac- 


* Morrison, M., Crawford, R., and Stotz, E., Biochim. et biophys. acta, 22, 579 (1956). 
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table substance is able to reactivate the reduction of cytochrome c in an 
isooctane-extracted heart preparation should renew interest in the probable 
role of lipides in electron transport reactions. In view of our findings 
that the oxidase preparation is rich in arachidonic acid and the active 
oxidase lipide Fractions 1 to 4 have absorption bands similar to a perox- 
idized unsaturated fatty acid, a role of essential fatty acids in biological 
oxidation now seems possible. 


SUMMARY 


The lipide composition of a purified cytochrome oxidase preparation 
was determined and found to contain 33 per cent total lipides (dry weight). 
The lipides consist of 14.7 per cent phospholipide, 12.8 per cent neutral 
fat, 1.02 per cent free cholesterol, and 3.12 per cent unidentified lipides. 
The predominant phospholipides were lecithin and phosphatidyl eth- 
anolamine. ‘The possible function of lipides in biological oxidation is dis- 


cussed. 


BIBLIOGRAPHY 


. Smith, L., and Stotz, k., J. Biol. Chem., 209, 819 (1954). 

. Swanson, M. A., and Artom, C., J. Biol. Chem., 187, 281 (1950). 

. Nygaard, A. P., and Sumner, J. B., J. Biol. Chem., 200, 723 (1953). 

. Macfarlane, M. G., Biochem. J., 47, p. xxix (1950). 

. Edwards, 8S. W., and Ball, E. G., J. Biol. Chem., 209, 619 (1954). 

. Tookey, H. L., and Balls, A. K., J. Biol. Chem., 220, 15 (1956). 

. Stotz, E., Morrison, M., and Marinetti, G., in Gaebler, O. H., Enzymes: units 

of biological structure and function, New York, 413 (1956). 
8. Ball, E. G., and Cooper, O., J. Biol. Chem., 180, 113 (1949). 
9. Green, D. E., in Gaebler, O. H., Enzymes: units of biological structure and fune- 

tion, New York, chapter 22 (1956). 

10. Morrison, M., and Stotz, E., J. Biol. Chem., 213, 373 (1955). 

11. Nason, A., and Lehman, I. R., Science, 122, 19 (1955). 

12. Fillerup, D. L., and Mead, J. F., Proc. Soc. Exp. Biol. and Med., 83, 574 (1953). 

13. Lea, C. H., Rhodes, D. N., and Stoll, R. D., Biochem. J., 60, 353 (1955). 

14. Marinetti, G. V., and Stotz, E., J. Am. Chem. Soc., 77, 6668 (1955). 

15. Witter, R. F., Marinetti, G. V., and Stotz, E., Federation Proc., 15, 386 (1956). 

16. Harris, W. D., and Popat, P., J. Am. Oil Chem. Soc., 31, 124 (1954). 

17. Eggitt, R. W. P., and Ward, L. D., J. Sc. Food and Agr., 4, 569 (1953). 

18. Widmer, C., Thesis, University of Rochester (1952). 

19. Becker, G., Bode, F., and Schrade, W., Klin. Wochschr., 31, 593 (1953). 

20. Schrade, W., Becker, G., and Bohle, E., Klin. Wochschr., 32, 27 (1954). 

21. Blass, J., Rouhi, A., Lecomte, O., and Macheboeuf, M., Bull. Soc. chim. biol., 
35, 959 (1953). 

22. Tappel, A. L., J. Biol. Chem., 217, 721 (1955). 

23. Clark, H. W., Neufeld, H. A., Widmer, C., and Stotz, E., J. Biol. Chem., 210, 
851 (1954). 

24. Lovern, J. A., The chemistry of lipids of biochemical significance, New York, 

25 


N oot Www = 


74 (1955). 
. Tulpule, P. G., and Williams, J. N., Jr., J. Biol. Chem., 217, 229 (1955). 


By 


j 
thi 
ac 
an 
the 
tu 
sm 
stit 
ot 
bo 
sul 
the 
ter 
in 
co 
| the 
res 
Am 
of] 
Off 
Phi 
| 


CONDENSATION OF PROTEINS WITH THIOCYANATE* 
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SARAH G. LISIE,$ JACK HOROWITZ, ARTHUR LIETZE, 
AND FAHAMET BURSAT 


(From the Department of Chemistry, Indiana University, Bloomington, Indiana) 
(Received for publication, June 4, 1956) 


The condensation of a-amino acids with ammonium thiocyanate in the 
presence of acetic anhydride leads to the formation of 5-substituted 2- 
thiohydantoins as shown by Johnson and Nicolet (3). According to Re- 
action 1, only those amino acids react in which the carboxyl group is free 
and the a-amino group either free or monosubstituted. 


SC NH 


| | (1) 


HRN--CHR’—COOH 


Schlack and Kumpf (4) proposed the use of this reaction to determine 
the C-terminal amino acid in peptides. They claimed that the thiohy- 
dantoin formed at the chain end was set free by N NaOH at room tempera- 
ture. By applying this reaction to various proteins, we found that only a 
small portion of the protein-bound sulfur is liberated by alkali as sub- 
stituted thiohydantoin (5, 6) and that thiohydantoins are degraded by 
N NaOH to thiourea (7). The yield of thiohydantoins was improved by 
other authors who modified the method used for the cleavage of the peptide 
bond (8-16). In our experiments we discovered that a large number of 
sulfur atoms was incorporated into the proteins after treatment with thio- 
cyanate and acetic anhydride. The high sulfur content seemed to indicate 
that considerable amounts of the thiocyanate react with other than the 
terminal a-carboxyl groups. This problem is investigated in our paper, 
in which we shall report on the condensation of proteins with thiocyanate 
containing C'* or §*, on the number of incorporated SCN residues, and on 
the possible nature of the bonds formed between proteins and thiocyanate 
residues. 


* Support of this work by research grants of the National Science Foundation, the 
American Cancer Society, the United States Public Health Service, and by contracts 
of Indiana University with the United States Atomic Energy Commission and the 
Office of Naval Research, is gratefully acknowledged. 

t Part of this work has been described in the theses for the degree of Doctor of 
Philosophy of R. L. Hardin (1) and M. Zimmerman (2). 

{ Department of Biological Chemistry, University of Istanbul, Istanbul, Turkey. 
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Methods 


Preparation of NH,SC'%N and NH,S*®CN—1 mmole of NaC'*N (ob- 
tained from the Isotope Division, Oak Ridge National Laboratory), con- 
taining 1 mc. of C4, and 50 mg. of sulfur, were dissolved in 20 ml. of 0.1 
N NaOH and refluxed for 2 hours. To the reaction mixture were added 
4.95 gm. of non-radioactive NH,CNS, and the solution was evaporated to 
dryness in a vacuum over sulfuric acid. The radioactive ammonium 
thiocyanate was recrystallized from ethanol. NH,S*®*CN was prepared 
similarly from 130 mg. of elemental sulfur (2.5 mc.), 1 gm. of NaCN in 
20 ml. of water, and 0.2 ml. of n NaOH. 

Proteins and Polypeptides—Edestin, casein, and gelatin were obtained 
from the Nutritional Biochemicals Corporation, bovine serum albumin and 
y-globulin, lysozyme, chymotrypsin, and pepsin from the Armour Labora- 
tories, 8-lactoglobulin from Pentex, Inc., and salmine from Hoffmann-La 
Roche and Company. Globin was prepared from bovine hemoglobin (17), 
ovalbumin (18) and ovomucoid (19) from hen’s eggs, and a-fibroin from 
commercial silk fibroin by the method of Ambrose et al. (20). We are 
obliged to Eli Lilly and Company for a sample of Zn insulin, to the Con- 
mercial Solvents Corporation for bacitracin, to Professor E. Katchalsky 
(Rehovoth, Israel) for samples of poly-a- and poly-y-glutamic acids, and to 
the Wallerstein Laboratories for tyrocidine. Hippurylthreonine ethy] ester 
(m.p. 105-108°) was prepared from the ester hydrochloride of threonine by 
the method of Harris and Fruton (21) with a modification of Holley and 
Sondheimer (22). The isopropyl ester of hippurylserine (m.p. 141-143°), 
prepared in the same manner, was obtained in 43 per cent yield. The 
ethyl esters of the carbobenzoxy derivatives of a-L-glutamylglycine (m.p. 
119-122°) and a-pL-aspartylglycine (m.p. 106—109°) were obtained ac- 
cording to Le Quesne and Young (23). Elemental analyses gave correct 
values for C, H, and N (2). 

Properties of 5-Substituted 2-Thiohydantoins—1 gm. of the appropriate 
amino acid and a slight excess of ammonium thiocyanate (molar ratio 
1.2:1) were heated with 8 ml. of acetic anhydride and 1 ml. of glacial acetic 
acid for 30 minutes in a boiling water bath (3). The cooled reaction mix- 
ture was poured into water, washed, deacetylated by concentrated HCl, 
and recrystallized from water or from aqueous ethanol. The absorption 
maxima of the l-acetylthiohydantoins are close to 277 mu; upon deacety- 
lation, they are shifted to 262 mu (Table I). The tryptophan derivative 
cannot be deacetylated because of instability in concentrated HCl. The 
e-bound acetyl group of lysine was not removed by the method used. The 
physical properties of the reaction products are shown in Table I. 

The 2-thiohydantoins do not give a positive ninhydrin test. They are 
separated from amino acids by passing their solution in 0.05 n HCl through 
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a column of Amberlite IR-120 (Rohm and Haas Company) which retains 
amino acids. On paper chromatograms the 5-substituted 2-thiohydan- 
toins give dark brown spots with ammoniacal silver nitrate or a yellow 
color with the aquoferricyanide reagent of Grote (24) prepared according 
to Chesley (25). When the 5-substituted 2-thiohydantoins are exposed 
for 3 hours to N NaOH at room temperature (4), thiourea is formed; it can 
be differentiated from the thiohydantoins by its low Rr value (Table I). 


TaBLeE I 
Physical Properties of &-Substituted 2-Thiohydantoins 


Ultraviolet absorption* 
Thiohydantoin derivative of M.p. Rr valuet 
Amax Emax 
°C. 
138-139 262-263 17 ,600 0.88 
132-133 262 17,700 0.95 
pL-Phenylalanine.............. 182-183 262-263 17,100 0.95 
pL-Tryptophanft............... 180 277-278 21,900 
pL-Methionine................. 148-149 263-264 19 ,500 
pu-Aspartic acid............... 221-222 261 18 , 500 
185-186 261-262 17 ,800 


* In 0.005 n HCI. 

t With n-amyl alcohol-10 per cent acetic acid; with butanol-10 per cent acetic 
acid the Rr values were higher. For thiourea we found Rp = 0.30 and 0.50, respec- 
tively. 

t Acetylated (see the text). 


In contrast to the substituted thiohydantoins, thiourea gives a blue color 
with Grote’s reagent. 

Attempts to condense C"-thiocyanate with proline, 8-alanine, butyl- 
amine, 2-aminobutanol, phenylethylamine, or with the esters of hippury]- 
serine or hippurylthreonine failed. Negative results were also obtained 
with the esterified carbobenzoxy derivatives of a-glutamylglycine or a- 
aspartylglycine. 

Coupling of Proteins with Ammonium Thiocyanate—250 mg. of ammo- 
nium thiocyanate, 10 ml. of a mixture of acetic anhydride and glacial acetic 
acid (8:1), and 0.5 gm. of protein were placed in a flask fitted with a re- 
flux condenser and kept in a boiling water bath for 30 minutes. After 
being cooled, the reaction mixture was poured into water and allowed to 
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stand until the acetic anhydride was decomposed. The protein derivative 
was collected on a filter and washed with water. The radioactive prepara- 
tions were suspended three times, for a 1 hour period each, in solutions of 
1 per cent non-radioactive NH,CNS to replace ionically bound activity. 
After being washed with water, the products were air-dried and extracted 
in a continuous extractor, first with boiling methanol and then with boiling 
benzene, to remove colloidal sulfur and other products of side reactions, 
The yield of dry reaction product was 90 to 95 per cent of the protein used. 
The proteins treated in this way will be referred to as SCN proteins (SCN 
casein, SCN ovalbumin, etc.). They are light yellow in color, insoluble in 
water, but dissolve slowly in alkali. The condensation products of insulin, 


@@@ = 5- ISOBUTYL-2- THIOHYDANTOIN 
OL 
= P50 ‘e 
©00 = SCN- CASEIN 60: 
20 
40. 

5 
20 ; 60 100 140 MG. 


Fia. 1. Self-absorption curves. The left ordinate shows the values of 5-isobutyl- 
2-C'4-thiohydantoin, the right ordinate those for SC'*N-casein. The thiocyanate 
used for the condensation with casein was diluted with 99 parts of non-radioactive 
thiocyanate before condensation with leucine. 


salmine, and bacitracin with thiocyanate were soluble in water. They were 
precipitated by 2 volumes of acetone, equilibrated, with non-radioactive 
thiocyanate in aqueous acetone, and then treated as described above. 

The sulfur content of the SCN proteins was determined by treatment 
of 100 to 200 mg. of the protein with concentrated nitric acid at room ten- 
perature, then at 100°, evaporation on a water bath, neutralization and 
incineration with ammonium nitrate and copper nitrate (26); sulfate was 
determined gravimetrically as BaSO,. The C™ activity of some of the 
proteins was determined by wet incineration and precipitation of CO, as 
barium carbonate (1, 27-29). In most instances the protein samples were 
counted directly, the considerable self-absorption being taken into account. 
Fig. 1 shows that the self-absorption curve of SCN casein coincides with 
that of 5-isobutyl-2-C-thiohydantoin prepared from leucine and C™ 
thiocyanate. 5-Isobutyl-2-C'™-thiohydantoin was used, therefore, as 4 
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standard material for calculating the number of SC"*N residues incorporated 
into the SCN proteins. In analogous experiments with S**-thiocyanate 
the number of incorporated S**CN residues was determined. The results 
of these determinations are shown in Table IT. 


TABLE II 


Incorporation of 0.88 M Radioactive C'4-Thiocyanate into Proteins 
and Polypeptides (80 Minutes, 100°) 


Thiocyanate per mole of substancet 
Substance eee mol. 
cu sis 
M M 

Rabbit serum y-globulin.............. 165 ,000 40.0 (24.3) 34.8 (21.1) 
Beef serum albumin.................. 69 ,000 8.3 (12) 10.0 
§-Lactoglobulin...................... 36 ,000 5.0 (14) 
(100 ,000 ) (13.7) 
Poly-a-glutamic acid................. 6,500 0.15 
Poly-y-glutamic acid................. 12,000 5.2t (42) 


* If the molecular weight cannot be estimated, the value 105 is used. 
t The values in parentheses equal moles of thiocyanate per 105 gm. of protein. 
t After 2 hours heating, 7.1 moles of SCN per mole of polyglutamic acid. 


Kinetics of Condensation of Proteins with Thiocyanate—The number of 
SC“N residues incorporated per molecule of bovine serum albumin in- 
creased from 5.3 to 8.3 and 13.4 when the molar concentration of thiocya- 
nate in the solvent was increased from 0.22 to 0.33 and 0.73, respectively. 
Similar results were obtained with other proteins (2). At a temperature of 
100°, the condensation was almost complete in 30 minutes; further heat- 
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ing for 2 hours resulted only in a slow increase of bound radioactivity. At 
lower temperatures, the reaction proceeded slowly; when serum albumin 
was treated with 0.73 m thiocyanate in a mixture of acetic anhydride and 
acetic acid for 30 minutes at 40°, 60°, and 80°, the number of incorporated 
SC"™N residues per serum albumin molecule was 1.8, 4.9, and 12.0, respec- 
tively (2). 

Condensation of Modified Proteins with Thiocyanate—Previous denatura- 
tion of ovalbumin did not affect the amount of incorporated thiocyanate 
residues. Various proteins, before condensation, were acetylated (30), 
coupled with phenylisocyanate (31), deaminated at pH 5 (32), esterified 


TaB_eE III 
Reaction of Modified Proteins with C4-Thiocyanate 
The values are expressed in moles. 


CSN per mole protein 
Protein Treated with 
Untreated 

LiAlH, H2SO« MeOH-HC1 HNO; 
Ovalbumin.................. 7.8 3.4 1.2 
Serum albumin.............. 8.3 3.1 2.1 5.3* 
Bovine y-globulinf.......... 39.4 14.0 5.6 11.4f 65.0 


* 3.8 per cent —OCH:3. 

t After acetylation, y-globulin combined with 23.0, and after treatment with 
phenylisocyanate, with 34.6 SCN residues. 

2.8 per cent —OCH:3. 


by methanol-HCl (33), reduced with LiAlH, (34), or sulfated with cold 
sulfuric acid (33). The reaction of the modified proteins with C'-thiocya- 
nate is shown in Table III. 

Decomposition of SCN Proteins by Alkali—Upon exposure of SC“N-~- 
globulin to hot alkali, followed by acidification and aeration, 98 per cent 
of the radioactivity was trapped by an aqueous solution of NaOH (2). 
For the determination of thiourea (Table IV), 0.5 gm. of the SCN protein 
was dissolved in 10 ml. of Nn NaOH at room temperature, neutralized after 
3 hours, diluted with 25 ml. of water, and deproteinized by 5 ml. of 10 per 
cent tungstate and 5 ml. of 3 per cent sulfuric acid. Thiourea in the pro- 
tein-free filtrate was converted into urea and determined by means of 
urease (1, 7). 

Acid Hydrolysis of SCN Proteins—When bovine SCN y-globulin or SCN 
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casein was hydrolyzed with 6 n HCl for 16 hours and then extracted with 
ether, no ether-soluble sulfur derivatives were obtained. The hydrolysates 
of rabbit serum y-globulin and its SCN derivative were analyzed by ion 
exchange chromatography (35) particularly for some of the amino acids 


TaBLE IV 
Determination of Total Sulfur and of Thiourea in SCN Proteins 
Sulfur content of 
Protein protein 
percent percent males per | males ber 
Serum albumin.................. 1.40 1.99 18 5.1 
re 0.045 0.35 10 1.6 
TABLE V 
Hydrolysis of Rabbit Serum y-Globulin and SCN y-Globulin 
Per cent total nitrogen in 
Amino acid 
SCN y-globulin Untreated y-globulin 
Glutamic acid.................. 7.56 7.61 


with reactive side chains. The results are shown in Table V. When SCN 
casein was boiled with 13 per cent monochloroacetic acid, no hydrogen 
sulfide was evolved. No CO2 was evolved when SCN casein, suspended 
in 75 per cent sulfuric acid, was kept for 1 hour at 100° (36). Upon hy- 
drolysis of SCN casein with 2 n, 4.N, or 8 N HCl at 55°, 75°, or 93°, only 
approximately 0.1 umole of thiohydantoins per 100 mg. of SCN casein was 
detected in the filtrate by spectrophotometry and paper chromatography 
(1). Higher yields of thiohydantoins were obtained when SC"N proteins 
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were suspended in 95 per cent ethanol containing 1 ml. of n HCl per 100 
ml. of solution and kept at 55° for 6 days. Spectrophotometric analysis of 
the ethanol solution indicated the presence of approximately 3 moles of 
thiohydantoin per 105 gm. of SCN casein (1). 

Infrared Spectroscopy—The thiohydantoins or SCN proteins were dried 
over P20; at 60° for several days. While moist with carbon tetrachloride, 
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Fic. 2. Infrared absorption spectra. Curve a, 2-thiohydantoin; Curve b, 5- 
methyl-2-thiohydantoin; Curve c, edestin; Curve d, SCN edestin. 


each sample was ground to a fine powder with about 20 times its volume 
of KBr or KI. The powder was then pressed into a clear window at 10,000 
lbs. per sq. in. pressure while being evacuated by a water pump. The 
resulting mull was placed in the light path of a Perkin-Elmer model 21 
infrared spectrophotometer and the spectrum recorded between 2 and 15 be 
Spectra of the thiohydantoin derivatives of aspartic acid, phenylalanine, 
tyrosine, leucine, alanine, valine, isoleucine, and glycine were recorded. 
Each of these substances showed sharp bands at about 5.75 and 6.48 u. 
The 5.75 » band of the unsubstituted 2-thiohydantoin (from glycine) is 
atypical in that it is broader than the corresponding bands of the 5-sub- 
stituted thiohydantoins (see Fig. 2). 
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RESULTS AND DISCUSSION 


According to Tables II and III, some of the proteins combine with more 
than one SCN residue per protein molecule. This combination cannot be 
due to the adsorption of thiocyanate ions, since (a) only very small amounts 
are bound to the strongly basic salmine, (b) the binding of ions in general 
does not depend to a great extent on the temperature, whereas such depend- 
ence was found here, and (c) the bound SCN is not exchanged by treat- 
ment with non-radioactive thiocyanate. These factors as well as the 
conditions of the reaction indicate binding of the SCN residues by coval- 
ence. 

The large number of protein-bound SCN residues cannot be attributed 
to multiple rupture of the peptide chain during the heating with acetic 
anhydride, because neither the polypeptides bacitracin or tyrocidine nor 
the protamine salmine combines with thiocyanate. In the experiments 
with insulin, globin, ribonuclease, lysozyme, and chymotrypsin, the num- 
ber of bound SCN residues approximates that of the terminal a-COOH 
groups as determined by other methods. If the incorporation of SCN 
residues were owing to the cleavage of peptide bonds, the number of in- 
corporated residues would increase considerably on prolonged heating. 
However, most of the SCN residues are incorporated within a few minutes 
at 100°; prolonged heating does not cause any appreciable increase in bound 
SCN residues. Furthermore, low molecular weight fragments, if formed, 
would probably give soluble reaction products such as those formed from 
the low molecular weight peptides and would, therefore, not be counted 
in our procedure. Since a large number of chain ends is unlikely, in view 
of information gained from studies with carboxypeptidase and other meth- 
ods for the determination of C-terminal residues (37), it appears that the 
incorporation of SCN residues involves groups in addition to the terminal 
groups in the proteins. 

Table V shows that the content of amino acids with reactive, polar side 
chains, determined according to Moore and Stein (35), is approximately 
the same in y-globulin and SCN y-globulin. If any of the amino acids 
with polar side chains is involved in binding thiocyanate residues, this 
bond must be decomposed by boiling with 6 Nn HCl. 

Since aspartic acid reacts with potassium thiocyanate at 140° to give 
dihydrothiouracil (38), the possibility of an analogous reaction of asparty] 
residues of the proteins was taken into consideration. However, aspartic 
acid does not react with thiocyanate at 100° in acetic anhydride. Under 
the conditions used in our experiments, thiocyanate does not combine with 
the e-amino groups of lysine or with other primary amines. Participation 
of carbohydrates in the binding of SCN residues is improbable, since 
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ovomucoid, which contains more than 30 per cent carbohydrate, does not 
bind more thiocyanate than other proteins (Table IT). 

The role of the hydroxyamino acids in the condensation reaction wag 
particularly investigated since the number of SCN residues incorporated 
was significantly reduced by pretreatment of the protein with sulfuric acid 
(Table III). It is well known that crystalline thiohydantoins cannot be 


% Transmission 


4 


i i i A 4 i 


Fic. 3. Infrared absorption spectra. Curve e, poly-a-glutamic acid; Curve f, 
the same, after treatment with thiocyanate; Curve g, poly-y-glutamic acid; Curve 
h, the same, after condensation with thiocyanate. 


prepared from serine or threonine (39). We found that neither the iso 
propyl ester of hippurylserine nor the ethyl ester of hippurylthreonine com- 
bined with thiocyanate in acetic anhydride. Hence, the seryl or threony! 
side chains of the proteins do not seem to be involved in the reaction with 
thiocyanate. Earlier, Nicolet (40) had shown that neither the sulfhydryl 
group of cysteine nor the dithio group of cystine reacts with thiocyanate. 

Participation of carboxyl groups in the reaction with thiocyanate i 
indicated (a) by the small number of SCN residues in proteins after esteri- 
fication with methanol or after reduction with lithium aluminum hydride 
(Table III) and (b) by the small number of SCN residues bound by fibro 
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which has little aspartic and glutamic acid. We examined first whether 
thiocyanate combined with the w-carboxy] groups of aspartyl and glutamy] 
peptides. Neither the ethyl ester of the carbobenzoxy derivative of a- 
glutamylglycine nor the analogous derivative of a-aspartylglycine incor- 
porated SCN residues. This result proves that under the conditions of 
the reaction there is no rearrangement of a-asparty] or a-glutamy] residues 
into the reactive 8 or y residues. Rearrangements of this type have been 
described by several authors (41-43). The stability of a-glutamy] residues 
and the absence of a to y rearrangement under our reaction conditions are 
demonstrated quite clearly by the entirely different behavior of poly-a- 
glutamic acid and poly-y-glutamic acid (Table II). The a polymer does 
not react with thiocyanate, whereas the y polymer readily combines with 
5.2 SCN residues per molecule (molecular weight 12,000). The small 
number of reacting y-glutamyl residues may be due to steric hindrance, 
possibly also to a y to a rearrangement. 

Although the infrared spectra do not prove the presence of thiohydantoin 
rings, they are compatible with their presence. Both polyglutamic acids 
absorb strongly near 5.75 uw (Fig. 3), where the thiohydantoins also have a 
typical absorption band (44). The SCN poly-y-glutamic acid shows a 
slightly intensified absorption at 5.75 uw. The absorbancy of the SCN 
proteins at this wave length is very little increased in comparison to the 
untreated proteins (Fig. 3). In view of the small number of the SCN 
residues per 10° gm. of protein, no significant intensification of the absorp- 
tion at 5.75 uw can be expected. The intensive absorption band close to 
6.5 u, which is typical for thiohydantoins (44), coincides with the strong 
amide II band of proteins and polypeptides and is, therefore, of no use in 
this investigation. 

Our observations lead us to the conclusion that the condensation of pro- 
teins with thiocyanate results in the formation of thiohydantoin rings not 
only from the C-terminal amino acid residues, but also from B-aspartyl or 
y-glutamy] residues according to Reaction 2. 


(2) 
—NH-CH-CH;-CH,-CO— —N CH-CH,-CH;-CO— 

The increase in SCN binding after deamination (Table III) suggests the 
presence of isoglutaminyl residues, 
or of analogous isoasparaginyl residues in some of the proteins. De- 
crease in SCN incorporation after sulfation of the proteins may be due to 
the dehydrating action of the concentrated sulfuric acid, resulting in in- 
tramolecular condensation of some of the a-carboxyl groups with amino 
or hydroxy] groups. 


| 
COOH SC—NH—CO 
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The occurrence of y-glutamyl residues in proteins has also been sug. 
gested in previous work (a) by the formation of succinyl peptides after 
oxidation of partial digests of proteins with chloramine-T (45), (b) by the 
detection of 4-amino-5-hydroxyvaleric acid in hydrolysates of proteins 
pretreated with lithium aluminum hydride (46), and (c) by the formation 
of formy] propionic acid after oxidation of proteins with hypobromite (41). 
The occurrence of 6-aspartyl residues appears less probable than that of 
y-glutamy] residues, which have been found in many natural products such 
as glutathione, folic acid, and the capsular polyglutamic acids from Bacillus 
anthracis and other bacilli. $§-Aspartyl residues do not occur as frequently 
in nature. Although we did not observe conversion of a- into y-glutamyl 
residues in a-glutamyl peptides, or in poly-a-glutamic acid, we cannot 
exclude the possibility that such conversion occurs during the heat treat- 
ment with acetic anhydride if a-glutamy] residues are adjacent to certain 
other amino acid residues. Therefore, the number of y-glutamy] or £- 
aspartyl residues in the native proteins is probably much smaller than the 
number of SCN residues incorporated into proteins according to Table II. 


SUMMARY 


Proteins and natural polypeptides were condensed with ammonium 
thiocyanate under conditions which lead to the formation of 2-thiohy- 
dantoins from amino acids. The SCN residue is not incorporated into 
bacitracin or into tyrocidine. Insulin, chymotrypsin, ribonuclease, and 
lysozyme combine with 1 to 2 SCN residues per molecule; serum albumin, 
ovalbumin, serum y-globulin, edestin, 8-lactoglobulin, pepsin, and other 
typical proteins incorporate from 2 to 24 equivalents of SCN residues per 
105 gm. of protein. The largest number of SCN residues was bound by 
poly-y-glutamic acid; poly-a-glutamic acid did not incorporate any ap- 
preciable amount of SCN residues. The protein-bound SCN residues seem 
to be incorporated into thiohydantoin rings formed not only by the C- 
terminal amino acids but also by the free a-carboxy] groups of y-glutamy! 
or, less probably, 8-aspartyl residues of the protein molecules. 
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METABOLISM OF ESSENTIAL FATTY ACIDS 
V. METABOLIC PATHWAY OF LINOLENIC ACID* 


By GUNTHER STEINBERG, WILLIAM H. SLATON, Jr., DAVID R. HOWTON, 
AND JAMES F. MEAD 


(From the Atomic Energy Project, School of Medicine, University of California, 
Los Angeles, California) 


(Received for publication, July 16, 1956) 


Essential fatty acid activity is generally ascribed to a group of higher 
polyunsaturated fatty acids, including linoleic, linolenic, and arachidonic 
acids (1). Recent work from this laboratory has demonstrated that fed 
linoleate is incorporated in its entirety into arachidonate (2). This con- 
version could logically take place in three steps, one involving chain length- 
ening and two involving dehydrogenation. It has been shown (3) that 
chain lengthening occurs by addition of acetate, but the position of this 
homologation in the three-step sequence is not yet known. 

One fatty acid with the required empirical formula of an intermediate 
in this sequence is linolenic acid, although the positions of its double bonds 
do not make it a logical precursor of arachidonate. Furthermore, although 
it has been listed with the essential fatty acids by some authors, there is 
general agreement that in biological activity linolenic acid differs both 
quantitatively and qualitatively from linoleate and arachidonate (4-6). 
Moreover, experiments on alkali isomerization have indicated that admin- 
istration of linolenate to animals results in an increase in pentaene and 
hexaene (rather than tetraene) acids (7,8). In order to ascertain whether 
linolenate can be converted to arachidonate in the animal body and to 
elucidate its metabolic pathway, methyl linolenate, labeled with C™ in 
the carboxy group, was fed to rats. Its metabolic transformations were 
then followed by isolation and characterization, when possible, of its con- 
version products. 


EXPERIMENTAL 


Methyl linolenate-1-C* was synthesized by Dr. Nevenzel and Dr. Howton 
of this laboratory by methods (to be published) similar to those used in 
preparing methy!] linoleate-1-C"™ (9). 

Treatment of Animals—To each of ten rats (400 + 50 gm.) were admin- 
istered about 90 mg. of a mixture of 40 per cent methyl linolenate-1-C" 


* This paper is based on work performed under contract No. AT-04-1-gen-12 be- 
tween the Atomic Energy Commission and the University of California at Los 
Angeles. 
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(7.4 X 10* disintegrations per second per mg.) and 60 per cent corn ail 
(total administered activity, about 3 X 10° disintegrations per second per 
rat). Eight animals were killed after 4 hours, and two were utilized for8 


hour respiratory carbon dioxide studies (10) and were killed subsequently, 


LSOOL 


mi. 0.01I9 N methanolic KOH per fraction 
o 


A-80 
A-70 


0 10 20 30 40 50 60 70 80 930 100 
Fraction (25 mi.) 

Fic. 1. Reversed phase separation of fatty acids obtained by reduction of ether- 
insoluble polybromides. Solvents (A-70, etc.) were composed of mineral oil-satu- 
rated acetone-water mixtures containing the volume per cent acetone indicated by 
the number. The arrows indicate the solvent changes. 


Livers, kidneys, hearts, spleens, and abdominal fat of the animals killed 
after 4 hours and of one rat utilized after 8 hours for this study were pooled 
and frozen at once. 

Isolation of Higher Unsaturated Fatty Acids. Separation and Degrada- 
tion of Arachidic Acid—The higher unsaturated fatty acids were isolated 
as insoluble polybromides as described previously (2, 3); these were de 
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brominated, the resulting unsaturated fatty acids hydrogenated, and the 
saturated acids thus obtained separated by reversed phase chromatog- 
raphy (see Fig. 1) to yield 78 mg. of arachidic acid as previously described 
(2). After dilution with 242 mg. of synthetic arachidic acid (Sapon Lab- 
oratories), this acid was degraded by the method of Dauben et al. (2, 11) 
to margaric acid, and three successive samples of benzoic acid, the carboxy 
carbon of which represented carbon atoms 1, 2, and 3, respectively, of the 
original arachidonic acid. ‘The resulting margaric acid was counted (see 
below) and, after subsequent recovery from admixture with the scintillator 
by chromatography on silicic acid, was decarboxylated via the Schmidt 
reaction (3, 12). 

The stearic acid obtained from the reversed phase chromatographic 
separation and a sample of the fed mixture of linolenate-1-C™ in corn oil 
(after hydrogenation and saponification) were similarly decarboxylated; 
both the amines and the carbon dioxide (as BaCO;) were counted. 

Linoleic Actd—The ether-soluble, petroleum ether-insoluble tetrabromo- 
stearic acid was obtained from the main bromination mixture. After 
repeated crystallization from ethylene chloride and acetone, the crude ma- 
terial was esterified with diazomethane and chromatographed on alumina 
(13). 

Alkali Isomerization of Higher Polyene Mixture—The ether-insoluble 
polybromides obtained from additional animals fed linolenate-1-C' were 
debrominated, and 38 mg. of the resulting oil were isomerized in 21 per cent 
KOH-ethylene glycol for 15 minutes at 180° under nitrogen (14). 


RESULTS AND DISCUSSION 


The excretion of the carboxy carbon in urine and respiratory carbon 
dioxide of two of the linolenate-fed rats is presented in Table I. Rat 1 
appeared very torpid during the study and slept almost continuously. 
These facts may explain the low activity of the respiratory CO... The 
high activity of the urine in Rat 2 is not explained and has not been noted 
previously. 

The distribution of activity in the organ lipides of the rats fed linolenate 
is presented in Table II; it is evident that activity from linolenate is dis- 
tributed in all fatty acid fractions. 

The activity of the saturated fatty acids derived from the ether-insoluble 
polybromides and of the products of their chemical degradation is shown 
in Table III. 

The distribution of the label in the different portions of the arachidic 
acid molecule determined by three 1-carbon degradations revealed that 4 
per cent of the total activity still resided in the margaric acid, representing 
the terminal 17 carbon atoms of the arachidic acid. Decarboxylation of 
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the Cy7 acid disclosed that 22 per cent of its activity was present in the 
hexadecylamine (terminal C,.) portion. The over-all distribution of label 


TABLE 
Excretion of Carbory Carbon of Linolenic Acid 


Activity of respiratory CO2* (cumulative per cent of administered dose) and 8 hr. 


Rat Activity urine at following istration inte 
No. | administered 
1 hr. | 2 hrs.| 3 hrs. | 4 hrs. | Shrs. | 6 hrs. | 7 hrs. | 8 hrs. | Urine | Total 
disintegrations 
per sec. 
1 | 4.2 10® | 0.88 2.04 3.12) 3.60) 4.26) 4.86) 5.28) 5.70' 0.18 | 5.88 
2 | 4.2 * 108 3.58, 9.70 14.62, 18.22) 19.84 21.88 26.34 28.80 3.84 | 32.64 
* Counted as BaCO; in the usual manner. 
TaBLeE II 
Weights* and Activitiest of Lipide Fractions from Linolenate-Fed Rats 
Specific activity (c.p.s. per mg.) of 
if Saturated U ed |Octabromide” | Tetrabromide 
Total lipides | YY | alll 


1§ 0.82 (16.0)) 0.55 (15.5) 0.76 (8.5) (3.29 (3.51) 
2§ 2.30 (29.0) 1.28 (12.0)) 3.00 (13.0); (0.341) [1.11 (5.57) 
3 7.30 (13.0); 7.05 (10.0)| 3.10 (3.0) | 7.77 (7.0) (0.266) |3.12{{ (12.60) 
4-6 | 6.51 (36.0)) 6.18 (32.0)| 2.98 (12.0)| 9.49 (17.0); (0.914) (9.08) 
7-10 | 5.96 7.19 (23.0); 1.75 (8.0) |11.87 (15.0); (0.716) (7.00) 


* The figures in parentheses represent the weights of the fractions in gm. 

¢ Counting performed with a Nuclear Instrument and Chemical Corporation flow 
counter on lipides plated directly on 1 inch aluminum planchets with lens paper (21). 

t For total activity of saturated acids derived from octabromide fraction, see 
Table III. 

§ Sacrificed after 8 hours; all others were sacrificed at 4 hours. 

|| Recrystallized to constant activity. 


in arachidic acid is indicated below: 
4 3 2 1 


COOH 
Total activity, % 1.0 3.8 60.2 7.8 27.2 


For comparison with the activities of carbon 4 and carbons 5 through 20, 
the distribution of label in the fed linolenate in corn oil and in the stearic 
acid obtained from the first main peak of the reversed phase chromatogram 
was determined (see Table IV). 
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These results indicate that the activity beyond the originally labeled 
atom (C-3) is indeed real. Such activity may be explained by assuming 


TABLE III 
Isotope Concentration in Various Fractions 
Fraction Scintillation counter* | Micromil countert 
c.p.s. per mmole 

Arachidic acid (C20), 78 mg. diluted to 242 mg. 4,065 

Benzoic acid, carbon atom 1 964 

Margaric acid (Ci7) 171.5 

Barium carbonate, carbon atom 4 35.57 

Hexadecylamine 9.59 
Stearic acid (reversed phase chromatogram) 56 , 860 

Barium carbonate (carboxy group) | 13,174 

Heptadecylamine 375.4 
Linolenic-1-C acid in corn oil (fed) 5,472,000 

Barium carbonate (carboxy group) 43 ,995 

Heptadecylamine 314.4 
Behenic acid (C22) 10,521 
Tetrabromostearic acid (recrystallized) 549 
Methyl tetrabromostearate (chromatographed) 42.25 5.53 


* Tracerlab CE-1 liquid scintillation counter operating at 45.7 + 1.5 per cent 
efficiency; scintillation medium, 50 ml. of toluene (reagent) containing 4.029 gm. of 
2,5-diphenyloxazole and 0.155 gm. of 1,4-bis-2(5-phenyloxazol) benzene (scintillation 
grade; Arapahoe Chemicals, Inc., Boulder, Colorado) per liter at 20°. 

t Since barium carbonate cannot be counted in a liquid scintillation counter, a 
Nuclear Instrument and Chemical Corporation Micromil thin window, Q gas flow 
counter, model D-47, was used to count the products of the Schmidt reactions. 
Samples corrected for counter variation by means of a National Bureau of 
Standards sodium carbonate standard plated and counted as barium carbonate. 


TABLE IV 
Distribution of Label in Fed Linolenate in Corn Oil and in Stearic Acid 
Source of stearic acid Ci;Has—COOH 
per cent per cent total activity 
Reversed phase chromatogram*.................... 2.77 97 .23 
Fed linolenate-1-C™ in corn oil..................... 0.7 99.3 


* See Fig. 1. 


that several 6 oxidations of linolenate occur without affecting the double 
bond system and that the molecule is rebuilt by addition of labeled acetate 
which would be expected to result from 8 oxidation of linolenate-1-C" or 
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its derivatives. This interpretation seems to be strengthened by the 
results of the decarboxylation of the 18-carbon acid separated by chro- 
matography from the saturated fatty acids derived from the polybromo 
acids and containing, again, measurable activity beyond the carboxy group. 
The possibility that some total synthesis occurred could not be excluded, 
since no hexabromide derived from linolenate was isolable from the poly- 
bromide mixture. It is significant that in the arachidic acid derived from 
exactly similar experiments, but starting with carboxy-labeled linoleate, 
no activity occurred beyond carbon atom 3 (2). 

The Cx acid degraded in this experiment is undoubtedly not derived 
entirely from arachidonic acid. Alkali isomerization data from other 
laboratories (7, 8) indicate that linolenate is converted in the animal body 
mainly to pentaene and hexaene acids, and similar data obtained in the 


TABLE V 
Extinction Coefficients at Characteristic Mazima of Polyunsaturated 
Fatty Acids after Alkali Isomerization (in 21 Per Cent 
KOH-Glycol for 16 Minutes at 180°) 


Wave length, mu 
Sample 
232 268 311 316 346 374 
Methyl arachidonate 
(Hormel lot No. 1)....| 48.97 48.29 55.44 49.31 3.74 0 
Linoleate-fed control....| 24.31 31.23 33.21 30.44 6.72 1.19 
Linolenate-1-C"-fed.....| 32.03 39.64 36.75 35.44 12.86 4.59 


present study (see Table V) indicate qualitatively that the linolenate-fed 
animals contain a somewhat larger proportion of pentaene and hexaene 
fatty acids. By using the equations given by Hammond and Lundberg 
(15), a 3.5 to 6 per cent excess pentaene over the controls may be calculated, 
depending on whether the pentaene is assumed to be Coo or Coe. Klenk 
and his coworkers characterized a number of eicosapolyenoic acids from 
brain and liver phosphatides (16, 17) and presented evidence for the exist- 
ence of a Coo pentaene acid with double bonds at positions 5, 8, 11, 14, 17 
and two Cz tetraene acids, arachidonic (double bonds at 5, 8, 11, 14) and 
an acid with double bonds at 8, 11, 14, 17. Those with a double bond at 
position 17 are presumably derived from linolenate and, after isolation as 
ether-insoluble polybromides and reduction, would be expected to con- 
tribute to the arachidic acid fraction otherwise derived from arachidonic 
acid. The direct separation of the octa- and decabromides is precluded by 
their solubility characteristics. However, separation of acids of a given 
chain length differing only in degree of unsaturation (which is feasible (18) 
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and presently under consideration) could conceivably indicate which C2 
polyene acid (pentaene or tetraene) contributes the major activity to the 
arachidic acid fraction. No distinction between acids isomeric with respect 
to disposition of double bonds can be expected to be accomplished chromat- 
ographically, although such differences may be shown by degradation 
methods such as those described by Klenk and Bongard (19). 

Chromatography on reversed phase columns with sample polyene sub- 
strates has permitted estimation of the place where a Cp pentaenoic acid 
would be expected to emerge from the column. However, in the absence 
of an authentic sample of this material, no positive confirmation could be 
obtained. Nevertheless, these experiments did serve to indicate that Coo 
pentaene and tetraene would be separable, but that Cis triene and Cz 
hexaene would probably emerge between the two C2 acids, thus obscuring 
two well defined peaks, broadening them into one continuous, undiffer- 
entiated band. An actual run with polyenes derived from the polybro- 
mides from rats fed linolenate-1-C™ resulted in a very broad peak, which is 
probably a composite of three or four overlapping peaks. The eluate was 
divided into three fractions (leading, trailing, and central) and each was 
processed, hydrogenated, extracted into scintillation medium (toluene 
solution), and counted. The leading portion representing the area where 
Cx pentaene was expected to emerge contained 10 times the activity of 
the trailing fraction (arachidonic acid concentrate), giving presumptive 
evidence that most of the activity is associated with Czy pentaene. 

The activity found in the even-numbered carbon atoms of arachidic 
acid is surprising in view of the almost complete absence of apparent ran- 
domization of activity in the linoleate experiment (2). The question of 
the reality of such a randomization and how to account for it has drawn the 
attention of several workers (11, 20). The usual ratio of activity of odd- 
to even-numbered carbon atoms in acids derived from carboxy-labeled 
acetate ranges from 10:1 to 60:1 and may be suspect, since oxidative 
methods used may have given rise to lower homologues by overoxidation. 
The methods utilized here are considered to be unambiguous in this respect. 

Little conversion of linolenate to linoleate seems to occur. Although 
the isolated tetrabromostearic acid contained some label after repeated 
crystallization, this activity was almost completely removed by chromatog- 
raphy of the methyl ester on alumina, a method known to be capable of 
clean separation of Cig tetra- and hexabromo esters. Thus if linolenate 
is converted to arachidonate, its A'® double bond is evidently not reduced 
until after a chain lengthening step has occurred. However, such a con- 
version seems most unlikely from other evidence, since linolenate does not 
exhibit the same biological activity as do linoleate and arachidonate. 
Thomasson (4) has pointed out a difference in structure that divides the 
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higher polyene acids into two distinct groups. This hypothesis, based on 
a “water consumption assay” of a number of fatty acids, reveals that 
those polyene acids having a double bond system in the 6 and 9 positions 
(counting from the terminal methyl group) have essential fatty acid 
activity. The presence of additional 1,4 double bonds towards the car. 
boxyl end of the fatty acid molecule resulted in retention or enhancement 
of essential fatty acid activity, while extending the 1,4 polyene system 
towards the methyl group caused decrease or loss of activity. 

The results of the present study substantiate, on a metabolic level, the 
differences in essential fatty acid activity of linoleate and linolenate, and 
suggest that the latter is converted to Coo and Cz. pentaene and hexaene 
acids, possibly via a Cz) tetraenoic acid isomeric with arachidonic acid. 
Chain lengthening of linolenate to related higher polyene acids probably 
takes place in a manner analogous to that shown previously to function in 
the case of linoleate. There is also evidence that partial oxidation and 
resynthesis may occur. 


SUMMARY 


The polybromo fatty acids isolated from rats which had been fed methy] 
linolenate-1-C™ were isolated, debrominated, and hydrogenated. Degra- 
dation by 1-carbon steps of the arachidic acid separated from the resulting 
saturated fatty acids revealed that its unsaturated precursor had been 
formed from linolenate by the addition of acetate to the carboxyl end. 
However, linolenate carbon did not contribute appreciably to the linoleic 
acid isolated from these rats, and indirect evidence was obtained which 
indicated that linolenate is converted, not to arachidonic, but to a differ- 
ent polyunsaturated acid, possibly eicosapentaenoic acid. 
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GLYCOGEN FORMATION VIA THE PENTOSE PHOSPHATE 
PATHWAY IN MICE IN VIVO* 


By HOWARD H. HIATT 


(From the Department of Medicine, Beth Israel Hospital, and Harvard Medical 
School, Boston, Massachusetts) 


(Received for publication, August 6, 1956) 


The role of the pentose phosphate pathway in the metabolism of glucose 
by mammalian organisms has not been fully elucidated (1, 2). That it is 
of importance in the catabolism of glucose by liver slices is suggested by 
the work of Bloom and Stetten (3). Bernstein’s results (4) are consistent 
with the hypothesis that the ribose in nucleic acids is formed from glucose 
via this pathway. On the other hand, the participation of the pentose 
phosphate pathway in glucose synthesis zn vivo has not been established. 
No evidence has been obtained in vivo for the reversal of 6-phosphogluconic 
acid decarboxylation, 7.e. COz fixation in C-1 of liver glycogen (5). More- 
over, there is scant evidence to suggest redistribution of isotope fixed in 
C-3 of liver glycogen to C-1 and C-2, as would be expected if there were 
cycling via the transketolase and transaldolase reactions (1, 2). The 
incorporation of ribose carbon into glucose by rat liver slices, however, has 
been demonstrated (6). A ribokinase has been purified from liver (7), and 
ribose utilization has been observed in other mammalian tissues (8, 9). 
Xylose, on the other hand, has not been considered to be a glycogen pre- 
cursor in several species (10, 11). 

The present studies demonstrate that both ribose carbon and xylose 
carbon are incorporated in liver glycogen in vivo by the mouse and are 
consistent with the participation of the transketolase and transaldolase 
reactions in these conversions. No evidence has been found for CO, fixa- 
tion via a reversal of the phosphogluconic dehydrogenase reaction. 


Methods 


Adult Swiss male white mice weighing approximately 25 gm. were fasted 
for 18 hours. Except where otherwise indicated, they were then offered 
Purina chow and dextrose, and 30 minutes later they were injected intra- 
peritoneally with 0.5 to 1.0 ml. of water containing the C-labeled substrate 
being studied. After 3 hours they were killed by cervical fracture, and 
their livers removed and plunged into hot 30 per cent KOH. Glycogen 


* This investigation has been aided by a grant from the Jane Coffin Childs Memo- 
rial Fund for Medical Research and, in part, by an Institutional Grant from the 
American Cancer Society to Harvard University. 


851 


>. 
| 
iz 
| 


852 GLYCOGEN VIA PENTOSE PHOSPHATE PATHWAY 


was isolated and purified by the method of Stetten and Boxer (12) and 
hydrolyzed to glucose in H:SO, as described by Topper and Hastings (13). 
Glucose was analyzed by the Somogyi procedure (14). 

Glucose was degraded by fermentation with Leuconostoc mesenteroides 
(15). It was found convenient to harvest, wash, and freeze the bacteria 
prior to the day on which the degradation was carried out. L. mesenteroides 
was found to be stable in the frozen state for at least a week. The fermen- 
tation products were converted to BaCQO3; as described by Marks and 
Horecker (16), and the BaCQ; samples were counted at infinite thickness 
with a gas flow counter. All other C“ determinations were carried out at 
infinite thinness. The reliability of the degradation procedure was demon- 
strated with uniformly labeled glucose-C“ and with glucose-3 ,4-C", 
Where indicated, total combustion of lactic acid was carried out by the Van 
Slyke-Folch wet oxidation procedure, as modified by Barker (17). 


Materials 


pD-Ribose-1-C™, p-xylose-1-C', p-arabinose-1-C"™, L-arabinose-1-C™, and 
the C'-hexoses were obtained from the National Bureau of Standards 
through the courtesy of Dr. H. 8S. Isbell. An aliquot of p-ribose-1-C" 
was degraded with Lactobacillus pentosus (18), and over 99 per cent of the 
activity was found in C-1. p-Xylose-1-C“ was prepared by Dr. Isbell by 
the method of Isbell, Frush, and Holt (19). Upon chromatography in 
butanol-acetic acid-water, it was found to exhibit only a single radioactive 
spot and to be free of resorcinol-reacting material (keto sugars). The 
radioactive sugars had specific activities approximately 1 to 2 uc. per mg. 
Bicarbonate-C' was prepared by absorbing CQ, liberated from BaC*0, 
in a slight excess of 0.6 N NaOH. The radioactive solution was adjusted 
to the phenolphthalein end point with 0.2 n HCl. 


Results 


Pentose Conversion to Liver Glycogen—Approximately 10 per cent of the 
radioactivity given as D-ribose-1-C™ appeared in liver glycogen (Table I). 
The conversion was thus of the same order of magnitude as that of p-glu- 
cose-C and of p-galactose-C" (Table I). p-Xylose carbon also appeared 
in liver glycogen, but in this case only 1 per cent of the administered isotope 
was incorporated. No isotope was found in liver glycogen after the ad- 
ministration of L-arabinose-1-C'. p-Arabinose-1-C' was administered to 
three animals; in one, no isotope was recovered in liver glycogen, although 
in two others a very small quantity of C'‘ was incorporated. In all of these 
experiments the main glycogenic substrates were the Purina chow and 
glucose taken by the animals by mouth prior to the injection of the C" 


sugar. 
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Formation of liver glycogen was studied in several mice given D-ribose 
as the sole exogenous unlabeled, as well as the isotopic, precursor of gly- 
cogen. Because the mice took no p-ribose by mouth when it was offered 
to them after a fast and attempts at feeding these small animals by tube 
were not successful, several animals were injected with 1 to 4 mmoles of 
p-ribose in 1.0 ml. of water as the major exogenous glycogenic source, prior 
to the administration of ribose-1-C'*. In these mice much less liver gly- 
cogen was formed, and only 0.3 to 1.0 per cent of the administered isotope 
was incorporated into the glycogen. In all of these animals absorption 
from the site of injection was poor, probably because of the hypertonicity 
of the administered sugar solution. 


TABLE I 
Conversion of C'4-Labeled Sugars to Liver Glycogen by Mouse in Vivo 


C¥ substrate Per cent recovered in liver 
3 p-Glucose 7.0, 8.0, 10.0 
2 p-Galactose 6.1, 8.2 
4 pD-Ribose 6.0, 9.0, 10.0, 15.0 
3 p-Xylose 1.0, 1.0, 1.1 
3 p-Arabinose 0.00, 0.05, 0.05 
2 L-Arabinose 0.00, 0.00 


After a 16 to 18 hour fast, all mice were offered Purina chow and dextrose. 30 
minutes later, the labeled sugar (0.47 to 1.75 X 10° c.p.m.) was injected intraperi- 
toneally. The animals were sacrificed 3 hours after receiving the C™ substrate. 


Isotope Distribution in Liver Glycogen Formed from v-Ribose-1-C'*—Liver 
glycogen from animals previously fed with Purina chow and dextrose and 
then given D-ribose-1-C had 34 to 40 per cent of the total activity in C-1 
and 52 to 41 per cent of the total activity in C-3. The remainder of the 
activity was fairly uniformly distributed among the other 4 carbon atoms 
(Table IT). | 

Of the glycogen samples from the three mice given p-ribose as the sole 
unlabeled glycogenic precursor, one had more radioactivity in C-3 than 
C-1, one had equal amounts, and the third had a larger fraction in C-1 
than in C-3 (Table II). 

Isotope Distribution in Liver Glycogen Formed from Non-Isotopic p-Ribose 
and NaHC“O;—Two fasted mice were nephrectomized and then given 4 
mmoles of p-ribose intraperitoneally. 30 minutes later they were injected 
with 0.1 me. of NaHCO; subcutaneously, and 3 hours later the liver gly- 
cogen was isolated. Degradation of these two glycogen samples indicated 
that 98 per cent of the total activity was evenly divided between C-3 and 
C-4, with less than 1 per cent in C-1. 
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Isotope Distribution in Liver Glycogen Formed from v-X ylose-1-C'*—Two 
mice previously fed with Purina chow and dextrose were given D-xylose-1- 


TABLE II 


Distribution of C4 in Mouse Liver Glycogen after Intraperitoneal 
Administration of p-Ribose-1-C™ 


Per cent total activity in liver glycogen 
Non- Route of administration 
C-1 C-2 C-3 C-4 | C-5 | C6 
24 | Dextrose, Purina Oral 34.0 | 3.5 | 52.0 | 4.5 | 3.0} 3.0 
chow 
29 | Dextrose, Purina " 36.0 | 4.0 | 48.0 12* 
chow 
30 | Dextrose, Purina ” 39.7 | 2.7 | 47.6 10* 
chow 
51 | Dextrose, Purina = 36.0 | 5.0 | 41.0 | 6.0 | 5.0 | 7.0 
chow 
53 | p-Ribose, 4 Subcutaneous 42.0 | 4.0 | 42.0 | 5.0 | 3.5 | 3.5 
mmoles 
54 | p-Ribose, 4 + 41.0 | 3.0 | 47.0 Q* 
mmoles 
35 | D-Ribose, 2.7 Intraperitoneal 43.5 | 8.8 | 37.7 10f 
mmoles 


* Lactate oxidized to COz. The figure given is the per cent of total activity for 
the sum of C-4, C-5, and C-6. 
t Lactate lost. The figure is the estimated per cent of total activity. 


TABLE III 


Distribution of C4 in Mouse Liver Glycogen after 
Administration of p-Xylose-1-C' 


Per cent total activity in liver glycogen carbon atoms 
Mouse No. 
C-1 C-2 C-3 C-4 C-5 C-6 
47 64 6 15 6 3 6 
48 65 7 10 8 4 6 


C4, The two samples of liver glycogen from these animals had 64 and 65 

per cent of the total activity in C-1, 15 and 10 per cent in C-3, and the re- 

mainder distributed in the other 4 carbon atoms (Table III). 
Degradation of Stable Glucose with Isotopic Pentose—The unlikely pos- 
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sibility that trace quantities of labeled pentose were being incorporated 
unchanged into liver glycogen was considered. Degradation by L. mes- 
enteroides of stable glucose mixed with ribose-1-C™ or with xylose-1-C 
was carried out. In neither situation was radioactivity found in C-1 or 
C-3, the sites of major isotope concentration in the liver glycogen of mice 
given the labeled pentose. 


DISCUSSION 


p-Ribose appears to be as efficient a precursor of mouse liver glycogen as 
glucose under the conditions of these studies. The proportion of admin- 
istered hexose and pentose carbon converted to liver glycogen is compara- 
ble to that found by Cook and Lorber for glucose-C™ and mannose-C* in 
the rat (20). The conversion of p-xylose carbon to liver glycogen is of 
considerable interest, for the preponderance of reported studies with non- 
isotopic xylose suggests that it is not glycogenic (10, 11). p-Xylose, how- 
ever, was poorly assimilated, with approximately 10 per cent as much of 
the isotope from xylose-C™ appearing in liver glycogen as was the case 
with D-glucose and p-ribose. This very small transformation of xylose to 
glycogen may explain the apparently negative results with unlabeled sugar. 

The presence of the isotope predominantly in C-1 and C-3 of liver gly- 
cogen of animals given ribose-1-C™ is consistent with transformation of 
the pentose to hexose via the transketolase and transaldolase reactions of 
the pentose phosphate pathway. MHorecker et al. (21) have suggested 
that 3 molecules of ribose-1-C' would be converted by these reactions to 
a molecule of unlabeled triose and to 2 molecules of glucose containing two- 
thirds of the isotope in C-1 and one-third in C-3. Their results with rat 
liver enzymes are consistent with this scheme. In glucose formed by 
rat liver slices from ribose-1-C, however, Katz eé al. (6) found C-1 and C-3 
to be labeled approximately equally. They interpreted their results as 
indicating that the tetrose formed after the transaldolase cleavage of 
sedoheptulose was not used as a glycolaldehyde acceptor. Our initial 
studies 7n vivo with liver glycogen formed from ribose-1-© appeared to 
widen the discrepancy even further, in that more isotope was found in C-3 
than in C-1. An explanation for our findings and for those of Katz et al. 
may be afforded by a consideration of the difference in the conditions of 
the studies with purified enzymes as compared with those in vivo and with 
the observations with liver slices. In the experiments of Horecker et al., 
the only hexose precursor present was the added pentose phosphate. In 
most of our studies and in those of Katz et al., on the other hand, the added 
pentose was present in small quantity, as compared with the amount of 
the added or endogenous hexose present. It has been shown that fructose 
phosphate as well as ketopentose phosphate may be a glycolaldehyde donor 
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in the transketolase reaction (22): 


i 

| 

C C C C 

| 

C C C C 

| | | | 

C C C C 

| | | | 

C C C C 

Fructose-6-P Aldopentose-5-P Tetrose-4-P! Heptulose-7-P 
(2) 

om 

| | | 

| 

C C C C 

| 

C C C C 

| | | | 

C Cc C C 

Ketopentose-5-P Aldopentose-5-P Triose-P Heptulose-7-P 


If a molecule of heptulose formed in Reaction 2 should react with a mole- 
cule of triose in the transaldolase reaction, one would have a hexose mole- 
cule evenly labeled in C-1 and C-3. One formed via Reaction 1, however, 
would be labeled only in C-3. Since the predominant glycolaldehyde 
donor circulating under physiological conditions, e.g. in the studies in which 
p-ribose-1-C™ was given in tracer quantity, is hexose phosphate, the greater 
activity in C-3 as compared with C-1 in the glycogen of Mice 24, 29, 30, and 
51 seemed understandable. To test this hypothesis, a load of non-isotopic 
ribose as the sole unlabeled exogenous glycogenic substrate was admin- 
istered to three mice prior to the injection of ribose-1-C'. These studies 
were hampered by poor absorption of unlabeled pentose from the sub- 
cutaneous and intraperitoneal sites of injection. In addition, the large 
pool of circulating hexose could not, of course, be reduced. In one study, 


1 The tetrose-4-P formed might be further metabolized by condensation with di- 
hydroxyacetone phosphate to yield a molecule of sedoheptulose diphosphate, which, 
in turn, could then be dephosphorylated to sedoheptulose-7-phosphate (23). 
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however, C-1 and C-3 were equal in their isotope concentration (Mouse 53) 
and in another C-1 was more active than was C-3 (Mouse 35). These 
results are consistent with the operation in vivo of the scheme suggested by 
Horecker et al. (21), with the observed modifications attributable to the 
large pool of circulating and hepatic hexose. 

The isotope distribution in the liver glycogen of the mice given p-xylose- 
1-C" is also consistent with the operation of the pentose phosphate path- 
way. One may postulate that p-xylose, after phosphorylation, is isomer- 
ized to xylulose phosphate. The latter compound, rather than ribulose 
phosphate, has been shown to be the ketopentose substrate for transketo- 
lase (24, 25). The following reactions may be considered: 


(3) 


C * 
| 
C* 
| 
C=O 
| | 
HO—C C Transketolase C C 
| 
C C C C 
| | | | 
C C C C 
Xylulose-5-P Tetrose-4-P Triose-P Fruc- 
(or other acceptor) tose-6-P 
( 4) * * 
C=O C=O C 
| E-pimerase | Isomerase _ | 
C C C 
| | | 
C C C 
Xylulose-5-P Ribulose-5-P Ribose-5-P 
(5) C* 
| 
C* C* C 
| | | 
C ~~ Transaldolase ¥ 
| | | | 
C C C 
| | | | 
C C C 
Xylulose-5-P Ribose-5-P 


Fructose-6-P Tetrose-4-P 
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If Reaction 3 is the most rapid, then from xylulose-1-C™ one would expect 
the bulk of the hexose formed to be labeled in the C-1 position. Hexose 
formed via Reactions 4 and 5 would be equally labeled in C-1 and C-3, 
The labeling pattern in the liver glycogen of animals given D-xylose-1-C™ 
is consistent with the predominance of Reaction 3; over 60 per cent of the 
isotope in the glycogen molecule appeared in C-1, the next largest quantity, 
15 and 10 per cent, was found in C-3, and the balance was distributed 
throughout the rest of the molecule. 


The observed difference in the pattern of labeling of glycogen from 


animals given p-ribose-1-C* from that of mice injected with p-xylose-1-C¥ 
is consistent with our present knowledge of the transketolase reaction (24, 
25). Since ribose-5-phosphate is the active glycolaldehyde acceptor, then 
the administration of p-ribose-1-C™ should result in sedoheptulose-7-phos- 
phate, and subsequently fructose-6-phosphate, labeled predominantly in 
C-3. Xylulose-5-phosphate, on the other hand, is the active glycolalde- 
hyde donor. Hence the administration of D-xylose-1-C“, which is pre- 
sumably converted in vivo to p-xylulose-1-C, would be expected to lead 
to the appearance of heptulose-7-phosphate, and subsequently hexose 
phosphate, with the major fraction of the isotope in C-1. 

Fixation of CO2 via a reversal of the phosphogluconic dehydrogenase 
reaction has been demonstrated with a purified yeast enzyme by Horecker 
and Smyrniotis (26). That such a reversal does not take place in mouse 
liver glycogen formation 7n vivo is suggested by the studies in the nephrecto- 
mized mice given stable p-ribose and NaHC"QO;. It is apparent that even 
in the presence of relatively large concentrations of pentose, COz was fixed 
only in the carboxyl carbon of pyruvate. 


SUMMARY 

Liver glycogen from mice given pD-ribose-1-C™“ or pD-xylose-1-C"™ was 
isolated and degraded. p-Ribose carbon was found to be converted to 
glycogen as efficiently as was D-glucose; D-xylose carbon was converted to 
glycogen to a much smaller extent. Glycogen from animals given p- 
ribose-1-C™ had isotope mainly in C-1 and C-3, with the latter more active 
than the former. The ratio of activity in C-3 to C-1 was reduced by the 
prior administration of large quantities of non-isotopic D-ribose. Glycogen 
from animals given pD-xylose-1-C“ was most active in C-1. The role of 
the pentose phosphate pathway in these transformations is discussed. 


The author is indebted to Miss Jacqueline Lareau for valuable technical 
assistance and Dr. B. L. Horecker for his generous advice. 
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CARBOHYDRATE METABOLISM IN PYRIDOXINE- 
DEFICIENT RATS 


By K. GUGGENHEIM anp E. J. DIAMANT 
WITH THE TECHNICAL ASSISTANCE OF Y. FATTAL 


(From the Laboratory of Nutrition, Department of Biochemistry, The Hebrew 
University-Hadassah Medical School, Jerusalem, Israel) 


(Received for publication, May 11, 1956) 


Numerous studies in recent years have demonstrated that severe de- 
ficiency of pyridoxine adversely affects adrenal function. With use of 
histochemical methods (1), water diuresis (2), survival rates during ex- 
posure to cold (3), and lymphopenic response (4), various workers have 
presented evidence in support of adrenal involvement in pyridoxine defi- 
ciency. In contrast thereto, however, Butler and Morgan (5), who used 
eosinopenic response after either injections of adrenocorticotropin and epi- 
nephrine or hypoxia exposure, could find no evidence of impaired pitui- 
tary-adrenal function. 

In a previous publication from this laboratory (6) it was concluded that 
tne water retention observed in pyridoxine deficiency is due to an inade- 
quate stimulation of the adrenals by the adrenocorticotropic hormone of 
the anterior pituitary gland. The aim of the present investigation was to 
obtain additional evidence of impaired adrenal function in pyridoxine de- 
ficiency by studying its effects on carbohydrate metabolism. Studies of 
carbohydrate metabolism in pyridoxine-deficient rats have been reported 
recently by Beaton and Goodwin (7) and by Beaton (8, 9). 

Material 

Animals and Diets—Young male albino rats, raised in our own colony 
and weighing 90 to 110 gm., were fed the pyridoxine-free diet described pre- 
viously (6). 30 y of deoxypyridoxine were incorporated per kilo of ra- 
tion. One control group was pair-fed with the deficient animals and a 
second group was fed ad libitum. The latter group was used for experi- 
mentation as soon as the animals reached approximately the same weight 
as that of the pair-fed rats. Bilateral adrenalectomy was performed in a 
single operation under ether anesthesia. The rats were offered a 1 per 
cent NaCl solution instead of tap water and were used for experimentation 
7 to 10 days after operation and when they weighed about 90 to 100 gm. 


Methods 


Water retention was determined as described by Guggenheim (6). Uri- 
nary excretions of xanthurenic acid and N-methylnicotinamide were de- 
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termined on rats after a 3 day supplementation of the basal diet with a 
daily dogg of 100 mg. of piL-tryptophan. Xanthurenic acid! was deter. 
mined by the method of Rosen, Lowy, and Sprince (10), as modified by 
Wachstein and Gudaitis (11), and N-methylnicotinamide by that of Huff 
and Perlzweig (12). 

Determinations of glycogen in diaphragm tissue and liver slices were 
carried out by the method of Good, Kramer, and Somogyi (13). Glucose 
was determined by Somogyi’s (14) modification of Nelson’s (15) method. 

Adrenal cholesterol was determined by the method of Zlatkis, Zak, and 
Boyle (16) as modified by Knobil, Hagney, Wilder, and Briggs (17). 

Incubation Media—The diaphrgam tissue was incubated by the method 
described by Gemmill (18). The medium consisted of 1 ml. of phosphate- 
buffered saline according to Tuerkischer and Wertheimer (19). The hemi- 
diaphragms were suspended in 1 ml. of ice-cold medium in a 10 ml. Erlen- 
meyer flask and treated for 1 minute with pure oxygen. To one flask, 1 
unit of insulin had been added. The flasks were stoppered with rubber 
caps and incubated for 2.5 hours in a water bath at 37° while being shaken 
at 120 cycles per minute. 

At the end of the incubation period, the hemidiaphragms were analyzed 
for glycogen. An aliquot of the incubation medium before and after in- 
cubation was analyzed for glucose concentration, and the glucose utiliza- 
tion with and without insulin was calculated. 

The incubation of liver slices, prepared with a Stadie-Riggs tissue slicer 
(20), was carried out in 1 ml. of the medium described by Hastings, Teng, 
Nesbett, and Sinex (21). The concentration of pyruvate was 40 mw; that 
of glucose 1 per cent. The initial pH was at about 7.4. Liver slices of 
about 100 mg. were weighed on a torsion balance and suspended in 1 ml. of 
the medium used by Hastings ef al. in a 10 ml. Erlenmeyer flask, treated 
with 5 per cent CO,.-95 per cent O2 for 1 minute, and then incubated at 
37° for 2 hours while being shaken at 120 cycles per minute. The slices 
were analyzed for glycogen content before and after incubation with either 
glucose or pyruvate. An aliquot of the pyruvate medium (initially glucose- 
free) was analyzed at the end of each experiment for glucose formed during 
the incubation. The calculated values were designated as ‘‘gluconeo- 
genesis in the presence of pyruvate.”’ The deproteinization of the media 


with NaOH and ZnSO, before determination of glucose insured removal 


of non-glucose-reducing substances. 


EXPERIMENTAL 
The experiments reported below were performed on rats which showed 
markedly the typical signs of severe pyridoxine deficiency, such as derma- 


1 The gift of xanthurenic acid by Dr. Fred Rosen of Ortho Research Foundation, 
Raritan, New Jersey, is herewith gratefully acknowledged. 
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4 titis and loss of weight, and which exhibited a delayed urinary response 
. to a water load. The experimental animals were divided into three sub- 
y groups, each consisting of deficient, pair-fed control, and ad libitum control 
i rats. The first subgroup received a single injection of 3 mg. of cortisone 
about 2 hours before the experiment. The second subgroup received 
two additional doses of cortisone on the 2 days preceding the experiment. 
The third subgroup was not injected at all. 
The animals were fasted for 20 hours before the experiment and were 
d killed by exsanguination under sodium pentobarbital anesthesia. 
All the values for glucose utilization (22), glycogen synthesis (19), and 
glycogenolysis are expressed in micrograms of glucose per 100 mg. of wet 
tissue. 
= The hormone preparations used were cortisone acetate (Cortogen, Scher- 
- ing Corporation) and crystalline zinc insulin (Burroughs Wellcome and 
Company). 


Results 


Metabolic Course of Pyridoxine Deficiency—The typical dermatitis ac- 
companied by weight loss appeared usually during the 5th week on the ex- 
" — perimental diet. At this stage, diminished diuresis subsequent to a water 
‘ load was observed (Table I). It is noteworthy, however, that biochemical 
lesions, typical of pyridoxine deficiency, appeared much earlier. When 
these rats were given a test dose of tryptophan, the xanthurenic acid ex- 
» cretion in urine increased 12-fold during the 3rd week and rose even more 
t during the 4th and 5th weeks. On the other hand, the excretion of N-meth- 


f ylnicotinamide decreased significantly from the 4th week onwards. The 
; excretion of xanthurenic acid and of N-methylnicotinamide after the ad- 


ministration of tryptophan and the output of urine were similar in experi- 
mental rats at the beginning of the period on the deficient diet and in the 
* | pair-fed rats given the complete diet without deoxypyridoxine during the 
‘ | 4th to 5th week period. 

; Adrenal Weight and Cholesterol—Table II presents data showing the 
§ | weight and cholesterol content of adrenals of pyridoxine-deficient rats and 
’ | of the pair-fed controls and those fed ad libitum. Weights of adrenals of 
‘ deficient rats were significantly greater than those of the controls, although 
! the glands contained normal amounts of cholesterol in relation to their 
weight. The adrenals of pair-fed rats were not enlarged but contained 
much more cholesterol than those of normal controls and of deficient ani- 
j mals. A single injection of cortisone had little influence, either on the 
. weight or on the cholesterol content of the adrenals. Only in pair-fed 
rats was a significant rise in adrenal cholesterol observed. More intensive 
treatment with the hormone led to a significant decrease in adrenal weight 
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TABLE I 


Effect of Pyridoxine Deficiency on Excretion of Water, 
Xanthurenic Acid, and N-Methylnicotinamide 


The number of experiments is given in parentheses. 


Wks. = Water load excretion® : 
Nutritional condition | on | 22-2 "ya 
| st. 2 hrs 3 hrs. 

gm per cent per cent per cent mg. per day 
Deficient (12)..... 0 43 + 3.668 + 2.774 + 3.61.1 + 0.17 
ae ae 2-3 | +1 41 + 4.865 + 3.268 + 3.913.2 + 0.92 
3-4) -3 452 5.2165 + 5.172 4.317.8 + 0.67 
4-5 | 224 5.8/4 + 5.7 44 + 5.020.8 + 1.88 
Pair-fed (11)..... 4-5 | +7 39 + 4.064 + 3.875 + 4.1 1.1 + 0.16 


N-Methyl- 
nicotin- 
amidet 


per day 
510 + 71 
395 + 77 
143 + 13 
137 + 0 


+ 


The results represent the mean and standard error. 


* Per cent excretion of a water load amounting to 8 per cent of the body weight. 
t Excretion during 24 hours when, in addition to the basal diets, 100 mg. of pbL- 


tryptophan were fed for 3 days prior to urine collection. 


TAaBLeE IT 


Effect of Pyridorine Deficiency on Weight and Cholesterol 


Content of Adrenals and on Blood Sugar 
The figures in parentheses indicate the number of rats. 


Adrenals 
— Blood glucose, mg. 
Weight, mg. per 100 gm. Cholesterol, mg. per 100 per 100 mi. 
body weight gm. adrenals 
No cortisone treatment 
Normal 19.3 + 0.83 (11)1.60 + 0.11 (11)| 77 + 1.59 (10) 
Deficient 39.0 + 2.35 (24)1.90 + 0.28 (14)) 79 + 8.50 (13) 
Pair-fed 19.0 + 0.85 (23)3.21 + 0.29 (11),103 + 4.33 (20) 
Normal, adrenalecto- 57 + 4.80 (9) 
mized 
Single cortisone treatment 
2 hrs. before experi- 
ment 
Normal 20.2 + 0.83 (9) 1.6624 0.15 (9) |} 95 4.90 (9) 
Deficient 38.7 + 2.93 (18)1.65 + 0.17 (10) 108 + 11.30 (12) 
Pair-fed 20.4 + 1.20 (12)4.08 + 0.31 (12)110 + 5.23 (12) 
Intensive (3 days) treat- 
ment with cortisone 
before experiment 
Normal 19.8 + 1.78 (10)2.74 + 0.34 (10)145 + 8.90 (10). 
Deficient 29.0 + 1.67 (13) 4.69 + 0.22 (13)118 + 9.40 (13) 
Pair-fed 15.5 + 0.79 (12)4.74 + 0.36 (12)168 + 8.50 (12) 
Normal, adrenalecto- 148 + 8.80 (9) 
mized 


The results represent the mean and standard error. 
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in both deficient and pair-fed rats and to a significant increase of adrenal 
cholesterol in all three groups. 

Blood Sugar—Pyridoxine-deficient rats had a normal blood sugar level 
(Table II) which responded to a single injection of cortisone with a signifi- 


TaBLeE III 
Effect of Pyridoxine Deficiency on Glucose Utilization 
and Glycogen Synthesis by Rat Diaphragm 
All the results are expressed in micrograms of glucose per 100 mg. of wet dia- 
phragm per 2.5 hours. The number of experiments is given in parentheses. 


Glucose utilization Glycogen synthesis 
Nutritional condition 
Without | With added Insulin Without (With added| Insulin 
insulin insulin effect insulin insulin effect 
No cortisone treatment 
Normal (15) 401 + 35 | 798 + 43397 + 48206 + 211353 + 21/147 + 23 
Deficient (11) 565 + 62 | 861 + 66296 + 97)184 + 32.247 + 23) 63 + 29 
Pair-fed (11) 377 + 27 | 8388 + 441461 + 63215 + 19396 + 38/181 + 28 
Normal, adrenalec- 3333+ 19 | 592 + 58259 + 65161 + 11/280 + 40/119 + 37 
tomized (9) 
Single cortisone treat- 
ment with 3 mg. 2 
hrs. before exper- 
iment 
Normal (9) 435 + 53 | 656 + 83 221 + 42 242 + ape + 39107 + 30 
Deficient (12) 7244 55 1007 + 85283 + 90152 + 27187 + 26) 35 + 21 
Pair-fed (12) 428+ 30 | 776 + 56348 + 71294 + 32419 + 27/125 + 27 
Intensive (3 days) 
treatment with 
cortisone before 
experiment 
Normal (10) 488 + 40 | 736 + 53248 + 40 153 + 14194 + 18 41 + 12 
Deficient (12) 359 + 48 | 601 + 62242 + 82 134 Se 26 228 + 23, 94 + 28 
Pair-fed (12) 481 + 63 | 722 + 84241 + 60147 + 31254 + 34107 + 27 
Normal, adrenalec- 309+ 48 | 514 + 59205 + 53209 + 30212 + 36. 3 + 38 
tomized (9) | | | 


The results represent the mean and standard error. 


cant rise. The blood sugar of pair-fed controls, however, was found to be 
elevated and rose after cortisone treatment to a higher level than that of 
the normal controls and deficient animals. Adrenalectomized rats ex- 
hibited a lowered blood sugar level which rose markedly after cortisone 
treatment. 

Glucose Utilization and Glycogen Synthesis by Diaphragm—Glucose utili- 
zation by diaphragms of deficient rats was found to be significantly in- 
creased. Intensive cortisone treatment restored the normal levels (Table 
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III). This effect, however, did not appear to have been due to adrenal] 
insufficiency, since the utilization of glucose by diaphragms from either 
adrenalectomized or from normal rats did not differ significantly. Glucose 


TABLE IV 
Effect of Pyridoxine Deficiency on Glycogen Synthesis and 
Gluconeogenesis by Rat Liver Slices 


All the results are expressed in micrograms of glucose per 100 mg. of wet liver 
per 2 hours. The number of experiments is given in parentheses. The minus sign 
indicates glycogenol ysis. 


Total li Initial li lycogen in presenc 
Nutritional condition weight, mg. elycoren, me. in 
rat weed faz: tissue Glucose Pyruvate of pyruvate 

No cortisone treat- 
ment 

Normal (9) 42+ 0.08 752 16 1389+ 33 344 9 5722 6 
Deficient (9) |4.3 + 0.07) 762 35 71+ 15 200+ 7 456 + 38 
Pair-fed (9) 4.0 + 0.06, 446 + 87, 348 + 101; —193 + 81/1023 + 151 

Normal, adrenal- 4.2 + 0.07; 314 2) 15524 43) 46 + 


8} 612+ 47 
ectomized (9) 

Single treatment 
with 3 mg. of 
cortisone 2 hrs. 


before experi- 

ment 
Normal (9) 4.2 + 0.09) 168 + 68 30 + 43) —86 + 57| 663 + 
Deficient (10) (|4.1 + 0.06 167 + 81 31 + 62) —78 + 88 5614 7 
Pair-fed (9) 3.6 + 0.06) 459 + 133) 453 + 182) —44 4+ 93) 734 + 102 

Intensive (3 days) 

treatment with 

cortisone be- 

fore experi- 

ment 
Normal (10) 5.8 + 0.182660 + 200 24 + 360'—1208 + 2591855 + 77 
Deficient (12) 4.8 + 0.121644 + 460 —249 + 140, —653 + 210)1420 + 20 
Pair-fed (12) 5.5 + 0.135900 + 230-1540 + 250 —2480 + 160/2120 + 110 
Normal, adrenal- 5. 8 + 0.164220 + 520-1310 + 19'—1810 + 160\2247 + 180 

(9) | | 


The results represent the mean and standard error. 


utilization of both untreated and cortisone-treated pair-fed animals did 


not differ from that of normal controls. Insulin increased glucose utiliza- 
tion in all series. This effect was depressed by cortisone in both normal 
and pair-fed controls, but not in pyridoxine-deficient or in adrenalectomized 
rats. 

No difference in glycogen synthesis was observed between deficient rats 
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and rats fed ad libitum and pair-fed controls or between normal and adrenal- 
ectomized rats. Glycogen synthesis was increased in all series by insulin. 
A single injection of cortisone, administered 2 hours before experiment, was 
without apparent influence on the insulin effect. Intensive cortisone treat- 
ment, however, diminished the increased glycogen synthesis brought about 
by insulin in normal, pair-fed, and adrenalectomized rats but not in pyri- 
doxine-deficient animals. 

Glycogenesis and Gluconeogenesis by Liver Slices—The glycogen content 
of livers of deficient rats was found to be similar to that of normal controls 
(Table IV). Pair-fed rats, on the other hand, had a significantly higher 
glycogen level, whereas that found in livers of adrenalectomized rats was 
diminished. Cortisone treatment increased the glycogen level in all 
series and especially in the pair-fed animals. 

Liver slices of normal, adrenalectomized, and deficient rats synthesized 
similar amounts of glycogen in the presence of either glucose or pyruvate. 
Liver slices of pair-fed rats, however, formed significantly more glycogen in 
the presence of glucose and showed a marked glycogenolysis when incu- 
bated with pyruvate, releasing considerable amounts of glucose into the 
medium. Previous cortisone treatment of the intact animals depressed 
glycogen synthesis and, in most cases, led to glycogenolysis. In general, 
the initial glycogen content of liver slices and their capacity to form glyco- 
gen, as measured by the net difference before and after incubation, appeared 
to be inversely interdependent. Thus, a low initial glycogen content 
usually led to a measurable increase of glycogen in the incubated slices, 
whereas an initial high glycogen level invariably caused glycogenolysis to 
exceed synthesis as a net effect. 

Similar amounts of glucose were formed in the presence of pyruvate by 
liver slices of deficient, normal, and adrenalectomized rats, whereas the 
glycogen synthesis by slices from pair-fed rats was significantly higher. 
Cortisone treatment markedly increased glucose formation in all series. 
Again, an inverse relationship was noted between gluconeogenesis in the 
presence of pyruvate and the initial glycogen content of the liver. 


DISCUSSION 


The data presented above indicate that severe pyridoxine deficiency in 
rats causes an enlargement of adrenal glands, thus confirming previous 
findings of Stebbins (1), but does not lead to an increased cholesterol con- 
tent. Pair-fed control rats, on the other hand, had a remarkably higher 
adrenal cholesterol concentration. Our findings, according to Selye (23), 
may be explained as follows: The increased adrenal cholesterol of pair-fed 
rats is an adaptation reaction of the organism to the prolonged and increas- 
ing stress of food restriction. The enlarged adrenals of pyridoxine-defi- 
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cient animals indicate an increased and continuous demand for cortical 
hormone. In contrast to the pair-fed animals, however, their adrenals ar 
not able to meet this demand and consequently contain less cholesterol, 
This development ultimately leads to a state of adrenal insufficiency. Ow 
previous findings of an impaired pituitary-adrenal function in severe pyri- 
doxine deficiency and of its possible reversal by administration of adreno. 
corticotropin or cortisone (6) agree well with the above concept. 

Blood glucose, the synthesis of glycogen by the diaphragm and by liver 
slices, and the level of liver glycogen were similar in deficient and control 
rats. Glucose utilization by muscles of deficient animals was increased. 
Adrenalectomized rats, in contrast to pyridoxine-deficient animals, ex- 
hibited a marked decrease of blood glucose and liver glycogen. Pair-fed 
animals showed signs of adrenal hyperactivity; 7.e., an increased content 
of cholesterol in the adrenals, of glucose in the blood, and of glycogen in the 
liver. The livers of these rats formed more glycogen in the presence of 
pyruvate than those of rats fed ad libitum or those of pyridoxine-deficient 
rats. It is noteworthy, therefore, that deficient rats, which suffered from 
the same stress of restricted caloric intake, showed a pattern of normal car- 
bohydrate metabolism. Obviously, the dysfunction of the pituitary-ad- 
renal system in pyridoxine deficiency, evidenced by a disturbance in water 
metabolism, is not necessarily accompanied by a parallel disturbance in 
carbohydrate metabolism. 


SUMMARY 


1. An increased urinary excretion of xanthurenic acid and a decreased 
excretion of N-methylnicotinamide after the feeding of tryptophan are 
early signs of deprivation of pyridoxine in young rats, whereas the appear- 
ance of a typical dermatitis, accompanied by weight loss and a delayed 
diuretic response to a water load, is a characteristic sign of severe defi- 
ciency. 

2. Deficient rats had enlarged adrenals with normal cholesterol content. 
The adrenals of pair-fed controls were of normal size, but contained more 
cholesterol than those of controls fed ad libitum. Cortisone treatment 
increased the cholesterol content of the adrenals in all the groups studied. 

3. Pair-fed control rats had a high blood glucose and liver glycogen con- 
tent and showed an increased gluconeogenesis by liver slices in the presence 
of pyruvate. These findings, together with an elevated adrenal cholesterol 
level, may be considered as evidence for adrenal hyperactivity resulting 
from the increasing stress of prolonged food restriction. Deficient animals, 
although showing an increased glucose utilization by muscle, exhibited no 
deviation from normal] carbohydrate metabolism attributable to adrenal 
insufficiency. 
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THE BIOSYNTHESIS OF ERGOTHIONEINE* 


By DONALD B. MELVILLE, STEPHEN EICH, ann MARTHA L. LUDWIGft 


(From the Department of Biochemistry, Cornell University Medical on 
New York, New York) 


(Received for publication, August 15, 1956) 


The recent finding that ergothioneine is synthesized by many common 
fungi (1) has led us to investigate the pathway of biosynthesis. In view of 
the relatively high concentrations of the substance found in Neurospora 
crassa, this organism was selected for study. The results provide strong 
evidence to show that ergothioneine (1) is derived from histidine, that 
cysteine provides the sulfhydryl group, and that the methyl group of 


CH=—=C—CH;—CH 
N NH N(CHs3)3* 
C 
| 
SH 


(1D) 


methionine is the precursor of one or more of the methyl] groups of ergo- 
thioneine. 


EXPERIMENTAL 


Materials—t-2-Thiolhistidine and t-histidine, each labeled in the im- 
idazole ring with C4, were prepared from NaC'“N by methods similar to 
those described in the literature (2, 3). The histidine was crystallized and 
used as the dihydrochloride (4). .u-Methionine labeled with C" in the 
methyl group was synthesized from C’4-methanol (5). S**-L-Methio- 
nine and §*5-L-cystine were purchased from the Schwarz Laboratories, 
Inc., Mt. Vernon, New York. 

Methods—N. crassa (ATCC 10336, wild type A) was grown at room 
temperature in a medium containing sucrose, biotin, and inorganic salts 
(6). Stationary cultures were prepared by inoculating 50 ml. of medium 
in a 250 ml. Erlenmeyer flask with a loopful of a spore suspension, and 
were grown for 7 days. Shaken cultures were grown for 24 hours on a 
rotary shaker, and they were prepared by inoculating 100 ml. of medium 


* This work was aided by grants from the National Science Foundation and from 
Swift and Company. 
t Fellow of the Helen Hay Whitney Foundation. 
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in a 250 ml. Erlenmeyer flask with 3 ml. of a heavy suspension of mycelium 
which had been grown on the shaker in the usual medium to which cal- 
cium carbonate (13 gm. per liter) had been added to provide a more uni- 
form suspension. Hot water extracts of the mycelia were prepared and 
chromatographed on alumina as previously described (1, 7). The ef- 
fluent fractions were analyzed for ergothioneine by the modified Hunter 
diazo test (8), and determinations of radioactivity were carried out on 
dried aliquots by the use of a mica window counter. In many experi- 
ments the ergothioneine-containing fractions were rechromatographed to 
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Fic. 1. Distribution of ergothioneine (O) and radioactivity (@ ) in second alumina 
chromatogram of aqueous extract of N. crassa grown in the presence of histidine-2- 
C4, Solvent, 80 per cent ethanol. 


insure separation of radioactive contaminants from the ergothioneine. A 
typical chromatogram is shown in Fig. 1. 

Histidine As Precursor of Ergothioneine—N. crassa was grown in a shaken 
culture in the presence of 9.18 mg. of histidine-2-C'™. The mycelial ex- 
tract was chromatographed on alumina with a 1 per cent formic acid-75 
per cent ethanol mixture and yielded fractions which showed a radio- 
active peak in close coincidence with the ergothioneine peak. Because of 
discrepancies in the specific radioactivities of the ergothioneine-containing 
fractions, these fractions were combined and rechromatographed on 
alumina with 80 per cent ethanol as the solvent. A radioactive impurity 
was separated, but a second radioactive peak showed satisfactory corre- 
spondence with the ergothioneine (Fig. 1). 
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To establish that this radioactivity was in fact due to ergothioneine, and 
at the same time to determine whether any or all of the activity might be 
present in the methyl] groups of ergothioneine, use was made of the fact 
that ergothioneine can be degraded to thiolurocanic acid and trimethy]l- 
amine on treatment with alkali. The fractions which contained ergothi- 
oneine (128 ~) were combined and diluted with 14.8 mg. of non-isotopic 
ergothioneine, and the mixture was crystallized from aqueous ethanol to 
yield 14.2 mg. of needles. 8.1 mg. of this material were dissolved in 0.5 
ml. of 19 N NaOH, and the solution was heated in an oil bath at 130°. The 
decomposition appeared to be complete in a few minutes. The evolved 
trimethylamine was swept by means of a stream of N:2 into a trap contain- 
ing 1 N HCl. The contents of the trap were concentrated in vacuo, the 
residue was dissolved in ethanol, and an alcoholic solution of chloroplatinic 
acid was added. The precipitate of trimethylamine chloroplatinate 
weighed 8.0 mg. and showed a radioactivity of 3 ¢c.p.m. The alkaline 
mixture from the decomposition reaction was acidified to precipitate thiol- 
urocanic acid. The crude product was dissolved in alkali, reprecipitated 
by the addition of acid, and crystallized twice from aqueous dimethy]- 
formamide. The resulting thiolurocanic acid weighed 4.5 mg., with 1400 
¢.p.m. 

For comparison of the specific radioactivities of the ergothioneine and 
the original C'-histidine, samples of the histidine and the thiolurocanic 
acid were oxidized by the wet combustion method of Van Slyke et al. (9), 
and barium carbonate pads were prepared. From the observed radio- 
activities, it was calculated that the specific activity of the histidine was 
2.53 X 10% c.p.m. per umole, and that of the thiolurocanic acid was 2.54 X 
10° c.p.m. per umole. 

Origin of Sulfur of Ergothioneine—It has previously been shown that 
N. crassa synthesizes radioactive ergothioneine when grown in the presence 
of S*-sulfate (1). To determine whether any known sulfur compounds 
were more immediate precursors of the sulfur of ergothioneine, competition 
experiments were carried out by growing the mold in the presence of radio- 
active inorganic sulfate plus various non-isotopic sulfur compounds. 
Carrier-free S**-sulfate, approximately 3 X 10° c.p.m., and an amount of 
each competitor sufficient to provide 10 mg. of sulfur were added to the 
medium. Initial experiments were performed with stationary cultures, 
but in later ones shaken cultures were used; the results were essentially 
the same under both conditions. Ergothioneine was isolated chromato- 
graphically from the samples of mycelium, and the specific radioactivity 
was determined in each case. The results of these experiments are listed 
in Table I. ; 

In view of the effective competition against sulfate shown by the sulfur- 
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- containing amino acids, a further comparison of the precursor abilities of 
cystine and methionine was made by the use of the S**-labeled amino acids, 
In these experiments shaken cultures of N. crassa were grown in the pres. 
ence of either 1.02 mg. (1 X 10° c.p.m.) of S**-cystine or 1.30 mg. (1.2 X 10! 
c.p.m.) of S**-methionine. The ergothioneine isolated from the S**-cystine 
experiment showed a specific activity of 3.5 XK 10‘ c.p.m. per mg., while 
that from the experiment with S**-methionine showed 2.1 X 10‘ c.p.m. per 
mg. 

It was found that the greater effectiveness of cystine compared to 
methionine as a source of ergothioneine sulfur could be more clearly shown 
with broken cell preparations of Neurospora mycelia. Fresh mycelium 


TaBLeE 
Suppression of S**-Sulfate Incorporation into Neurospora Ergothioneine 


Competitor*® Ergothioneine Suppression 
C.p.m. per mg. per cent 

Thiocyanate.................... , 800 0 
Thioacetamide.................. 20, 200 12 
Choline sulfate................. 17,300 25 
Thiosulfate..................... 3,400 85 
Methionine..................... 3,600 84 
2,000 91 


* In each case, an amount of competitor sufficient to provide 10 mg. of sulfur was 
added to the complete medium (6) to which had been added carrier-free S*5-sulfate, 
3 X 10% c.p.m. 


was ground with sand in 0.1 m phosphate buffer, pH 6, the sand was re- 
moved, and aliquots of the ground mycelial suspension were shaken with 
labeled cystine or methionine for 4 hours. Under these conditions cystine 
proved to be 3 to 5 times more effective than methionine in providing the 
sulfur of ergothioneine. 

To determine whether thiolhistidine might be an intermediate in the 
biosynthesis of ergothioneine, a stationary culture of N. crassa was grown 
in the presence of 10.5 mg. of 2-thiolhistidine-2-C“. A chromatogram of 
the mycelial extract in 1 per cent formic acid-75 per cent ethanol showed 
appreciable radioactivity throughout the effluent fractions, with a total 
of 1500 c.p.m. in the ergothioneine-containing fractions. However, when 
these fractions were rechromatographed in 75 per cent ethanol, almost all 
of the radioactivity was separated from the ergothioneine. The effluent 
fraction containing the largest amount of ergothioneine (190 7) showed I 
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c.p.m. Part or all of this low activity may be caused by contamination, 
inasmuch as the correspondence between the determinations of ergothi- 
oneine and radioactivity in the effluent fractions was poor. 

Methionine As Precursor of Methyl Groups of Ergothioneine—N. crassa 
was grown in stationary culture in the presence of 9.7 mg. (about 2.5 & 106 
c.p.m.) of methionine labeled in the methyl group with C'*. The extracted 
mycelial ergothioneine was chromatographed on alumina, diluted with 2 
mg. of non-isotopic ergothioneine, and rechromatographed. The ergothi- 
oneine from this column was diluted with 23 mg. of non-isotopic ergothi- 
oneine, and the mixture was crystallized four times from aqueous ethanol. 
The specific radioactivity remained constant after the second crystalliza- 
tion. 10.2 mg. of the material were converted to thiolurocanic acid and 
trimethylamine by treatment with alkali as previously described. The 
purified thiolurocanic acid weighed 3.7 mg., with 4 c.p.m., and the tri- 
methylamine chloroplatinate 9.5 mg., with 3770 c.p.m. 


DISCUSSION 


The foregoing data appear to account completely for the biosynthesis 
of the ergothioneine molecule as originating in the amino acids histidine, 
cysteine, and methionine. 

The finding that histidine is a precursor is not surprising in view of the 
similarity in structure of histidine and ergothioneine. It is of interest 
that C'4-histidine was converted to ergothioneine without dilution of radio- 
activity. This indicates that the synthesis of ergothioneine from endoge- 
nous histidine was completely suppressed by the added C"-histidine. It 
further suggests that the imidazole ring of histidine remains intact in the 
conversion to ergothioneine. Should the ring be opened at the amidine 
carbon atom during the introduction of the sulfhydryl group, it might be 
expected that at least part of this labeled carbon atom would be lost. The 
fact that thiocyanate was inactive as a precursor of the sulfhydryl group 
(Table I) is further evidence that the thiolimidazole ring system is not 
synthesized biologically in a manner comparable to the laboratory synthe- 
sis of thiolhistidine from histidine, in which the amidine carbon atom is 
removed from the imidazole ring and replaced by the carbon atom of 
thiocyanate. 

The inability of thiolhistidine to serve effectively as a precursor of ergo- 
thioneine in Neurospora cannot readily be ascribed to a possible imper- 
meability of the cells to the added C'*-thiolhistidine, since appreciable 
amounts of radioactivity were detected in crude extracts of the washed 
cells. It therefore seems probable that thiolhistidine is not an inter- 
mediate in ergothioneine formation in Neurospora, and consequently sug- 
gests that the introduction of methyl groups into histidine precedes the 
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formation of the sulfhydryl group. The most likely intermediate is her- 
cynine, the betaine of histidine, which is known to occur in some fungi. 

The studies on the origin of the sulfur of ergothioneine by means of 
competition experiments (Table I) demonstrate that thiosulfate and the 
sulfur-containing amino acids are efficient precursors of the sulfhydry] 
group. Thiosulfate probably owes its effectiveness to a ready conversion 
to cysteine or cystine, since in Escherichia coli it appears to be an imme- 
diate precursor of these amino acids (10). The slight superiority of cystine 
over methionine which is indicated in Table I is substantiated by the ex- 
periments with S**-labeled cystine and methionine, both with intact my- 
celia and with broken cell preparations. Sodium sulfide was found to be 
too toxic to test adequately; however, when thioacetamide was used as a 
source of hydrogen sulfide, negligible competition with sulfate was observed. 
The most effective precursor which we have tested is cysteine. Although 
this substance is somewhat toxic to N. crassa, it served as an excellent 
source for ergothioneine sulfur, with almost complete suppression of inor- 
ganic sulfate incorporation (Table I). It seems probable that cysteine is 
an immediate precursor of the sulfhydryl group of ergothioneine, possibly 
through the formation of a thio ether between cysteine and hercynine. 

The conversion of C'*-methyl-labeled methionine to ergothioneine labeled 
almost exclusively in the methyl groups suggests the possibility of a trans- 
methylation reaction but does not prove it, since intermediary conversion 
of the methyl group of methionine to ‘‘formaldehyde”’ or ‘‘formate” may 
be occurring. The possibility that free formate might be involved was 
tested by growing JN. crassa in the presence of C'‘-labeled formate. The 
isolated ergothioneine was converted to thiolurocanic acid and trimethyl- 
amine as described under “Experimental.” Both showed appreciable radio- 
activity; in fact, the thiolurocanic acid was more active than the trimethyl- 
amine, with 3.2 X 10‘ c.p.m. per mmole compared to 1.4 X 10‘ c.p.m. per 
mmole of trimethylamine. Inasmuch as the thiolurocanic acid from the 
experiment with C'*-methionine was almost devoid of radicactivity, these 
results suggest that free formate is not produced during the transfer of 
the methyl carbon of methionine to the methy] carbons of ergothioneine, 
and to that extent support the supposition that a transmethylation reac- 
tion may be involved. 

Although the studies described in this paper have been carried out with 
N. crassa, it seems likely that the results can be applied to other fungi which. 
synthesize ergothioneine. In this regard it is of interest that the pre- 
liminary studies of ergothioneine synthesis by Claviceps purpurea reported 
by Heath and Wildy (11, 12) are in agreement with the work outlined in 
this paper. 
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SUMMARY 


The pathway of biosynthesis of ergothioneine by Neurospora crassa has 
been studied by growing the fungus in the presence of C'*- and S*-labeled 
compounds. That ergothioneine is derived from histidine was shown by 
the formation of C'*-ergothioneine from t-histidine-2-C™ without dilution 
of the radioactivity. Thiolhistidine-2-C™“, on the other hand, does not 
serve as a precursor to any significant extent. The sulfhydryl group of 
ergothioneine is readily derived from thiosulfate and the sulfur-containing 
amino acids; cysteine is the most effective precursor as judged by its 
ability to suppress the incorporation of S*-sulfate into ergothioneine. 
When N. crassa is grown in the presence of methy]-labeled C'4-methionine, 
C'4-ergothioneine is formed, and the isotope is present almost exclusively 
in the methyl] groups of the ergothioneine. 
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Numerous reports have appeared concerning the study of a variety of 
enzymes present in the erythrocyte. Only a few (e.g. (1-6)), however, 
have been prepared and investigated in a significantly purified state. Be- 
cause the erythrocyte contains little non-hemoglobin protein, it would 
appear to be an excellent source for the preparation of certain enzymes 
which it contains at relatively high concentrations. Appropriate pro- 
cedures will be described in this and subsequent papers for the purifica- 
tion of various enzymes of the human erythrocyte. The present report 
will describe methods for isolating, in highly purified form, a purine nu- 
cleoside phosphorylase from the human erythrocyte. 

The ability of crude hemolysates to degrade adenosine was described 
in the early literature by Dische (7). A limited study of the action of 
hemolysates on adenosine was included as part of a previous report (8), 
at which time it was suggested that adenosine degradation is mediated by 
the action of a nucleoside phosphorylase which acts on the deaminated 
product (inosine). Purification of the phosphorylase was undertaken in 
order to investigate its specific properties. 

Purification of a purine nucleoside phosphorylase from liver tissue has 
been described by Kalckar (9), who has contributed much of the available 
information on this enzyme (e.g. (10, 11)). Purification of specific pyrimi- 
dine nucleoside phosphorylase from bacteria (12) as well as mammalian 
tissue (13) and the preparation of both a purine nucleoside phosphorylase 
and hydrolase from yeast (14) have also been previously reported. 


EXPERIMENTAL 


Methods 


Preparation of Calcium Phosphate Gel—The preparation and properties 
of calcium phosphate gels were extensively investigated. Certain perti- 


* Supported by a grant from the United States Atomic Energy Commission, Di- 
vision of Biology and Medicine, contract No. AT(30-1)1119. 
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nent results were briefly summarized and included in a previous report 
(6). Gels prepared at slightly acid rather than alkaline pH were superior 
as adsorbents and were found to be especially suited to techniques which 
involve fractional elution of adsorbed proteins. A careful control of the 
pH was essential in the preparation of gels of reproducible characteristics, 
Gels used in these and subsequent studies were prepared by the following 
procedure. 

To 200 ml. of 0.5 m NasHPO, solution were added 6.0 ml. of concen- 
trated NH,OH solution (28 to 30 per cent NHs3), followed immediately 
by 1500 ml. of 0.1 m CaCl, solution. The pH of this mixture should be 


100 . GLUCOSE 
gol aTaALAsE WALOOLASE 
PYROPHOSPHATASE 
—\-\TRIPEPTIDASE 
6OL 
us NUCLEOSIDE 
PHOSPHORYLASE 
40L 
a 


OS Te) IS 20ML 
GEL SUSP ADDED PER ML R.B.C. 

Fig. 1. Relative enzyme affinities for tricalcium phosphate gel as determined in 
the crude hemolysate. The gel and hemolysate were thoroughly mixed and centri- 
fuged, and the supernatant solution was assayed for residual enzymes. R.B.C. = 
red blood cell. 


initially at about 7, with a drop to around 6 within 30 minutes. Following 
this period of time, the gel was sedimented by light centrifugation and 
repeatedly washed with ion-free water until washings were free of detecta- 
ble chloride ion. The washed gel was suspended with water to a final 1 
liter volume. The gel can be either used immediately or stored for pro- 
longed periods in the refrigerator with little measurable change in proper- 
ties. 


Adsorption of nucleoside phosphorylase, which has an extremely high 


affinity for gel prepared in this manner, is illustrated in Fig. 1. The rela- 
tive affinity of the gel for a variety of other enzymes present in the crude 
hemolysate was also determined and the results have been included in 
Fig. 1 for purposes of comparison as well as documentation for future refer- 
ence in relation to subsequent studies to be reported. 

Enzyme Assays—The enzyme was found to degrade guanosine or inosine, 
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provided that either phosphate or arsenate was present. Adenosine degra- 
dation could be demonstrated only with the crude hemolysate, being abol- 
ished with purification and removal of a specific deaminase. As has been 
found by Kalckar (10), working with purified liver enzyme, the equilib- 
rium of the reaction in the presence of phosphate ion strongly favors the 
formation of the nucleoside. On the other hand, degradation of nucleoside 
in the presence of an equimolar concentration of arsenate (arsenolysis) 
was found to proceed toward completion. Arsenolysis, rather than phos- 
phorolysis of nucleoside, formed the basis for a quantitative method of 
enzyme assay, thereby eliminating the necessity of dealing with cumber- 
some kinetics. (Guanosine rather than inosine was selected as the sub- 
strate. The assay procedure as devised was based on the following set of 
reactions: 


(1) Guanosine + arsenate guanine + (ribose-l-arsenate) 
| 


ribose + arsenate 


(2) Guanine + phenol reagent — blue color (15) 


The validity of the method requires that further degradation of guanine 
does not occur. Incubation of guanine under conditions normally em- 
ployed for the assay of nucleoside phosphorylase resulted in a slight loss 
(as determined with the phenol reagent) with crude hemolysate and no 
measurable loss with material obtained after the first purification step. 

The assay procedure employed was as follows: To a final 1.0 ml. reaction 
volume were added 0.2 ml. of enzyme (appropriately diluted in 0.001 m 
versenate and 0.02 per cent Triton X-100; for previous use see Tsuboi and 
Hudson (16)), 0.4 ml. of 0.0125 m guanosine, arsenate at 0.05 m (adjusted 
to pH 6.0), and 0.1 m acetate buffer at pH 6.0. Guanosine was prepared 
every few days in dilute KOH (1.0 ml. of 1.0 n KOH per millimole of gua- 
nosine) and standardized by ultraviolet absorption. Guanosine was added 
to the reaction vessels just prior to the assays. Incubations were usually 
for 30 minutes at 37°, following which time the reactions were stopped by 
the addition of 2.0 ml. of 20 per cent sodium carbonate. Guanine was 
usually determined directly on these samples by the addition of 2.5 ml. of 
water and 0.5 ml. of phenol reagent (17). The necessity for thorough 
shaking prior to and during the addition of phenol reagent is essential if 
reliable results are to be realized. After the addition of phenol reagent, 
the colors were allowed to develop for a 20 minute period at 37° and were 
read at 660 mu. Appropriate tissue and substrate blanks were always 
carried out with the assay. Because protein reacts with the phenol reagent 
(tyrosine), the cruder enzyme preparations were deproteinized with tri- 
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chloroacetic acid prior to guanine determination. The over-all reliability 
of the method is demonstrated in Fig. 2. A linear relationship between 
enzyme concentration as well as reaction time is maintained until some- 
what less than 10 per cent of the substrate is degraded, following which 
typical first order kinetics is observed. 

Determination of Protein—Protein was estimated by micro-Kjeldahl 
nitrogen analysis, with use of a vacuum distillation procedure (18), fol- 
lowed by nesslerization (19). In addition to the nitrogen analysis, protein 
was also estimated by tyrosine measurements by using the phenol re- 


agent (17). 


A B. L 
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Fig. 2. Guanosine degradation as a function of enzyme concentration, A, and 
reaction time, B, with a standard assay procedure with crude (X) and purified (O) 
enzyme solutions (for the standard assay procedure, see the text). 


RESULTS AND DISCUSSION 
Purification Procedure 


The purification protocol is presented in summarized form in Table I. 
Details concerning the purification procedure as carried out on a 500 ml. 
batch of washed erythrocytes follow. 

Preparation of Hemolysate—Outdated human blood obtained from the 
hospital blood bank served as the source of red cells. The cells were thor- 
oughly washed with 1 per cent sodium chloride solution and adhering 
leucocytes were removed. The washed cells were hemolyzed by the addi- 
tion of 4 volumes of ion-free water. 

Enzyme Adsorption on Calcium Phosphate Gel—To the hemolyzed red 


cells was added a volume of gel suspension (see under ‘‘Methods” for 


preparation of gel suspension) equal to the original volume of cells (500 
ml. of gel suspension per 500 ml. of original erythrocytes). After thorough 
mixing, the gel containing adsorbed enzyme was removed and washed 
by repeated centrifugation and resuspension with ion-free water until the 
washings were free from color. Resuspension of gel was facilitated by 
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the use of a rubber stirrer driven by a variable speed motor. The rela- 
tionship between gel concentration and enzyme adsorption is illustrated 
in Fig. 1. 

Elution of Enzyme from Gel—The thoroughly washed gel containing 
adsorbed enzyme was evenly suspended to 500 ml. volume. To the sus- 
pension was added an equal volume of 0.005 m trisodium citrate. After 
being mixed, the gel was separated by centrifugation at room temperature. 
The resulting eluate was a clear, light pink solution. The use of weaker 


TABLE I[ 
Purine Nucleoside Phosphorylase; Purification Protocol 
Purification steps Volume Proteint P 
ml. mg. fold 
Hemolysate (1:5). 2500 7000 | 169,000} 0.041 
Ist eluate from (Ca)3(PO,)2.......... 925 4600 1,600 | 2.9 70 
Following concentration with 
Following dialysis................... 65 4200 910 | 4.6 112 
mn treatment with fullers’ 
84 4300 620 | 6.9 168 
2nd (Ca)3(PO,4)2 eluate.............. 75 3200 260 | 12.3 300 
Ammonium sulfate fraction.......... 4 2100 100 | 21.0 510 


* An enzyme unit refers to that amount liberating 1 wmole of guanine per minute 
under the specified assay conditions (see under ‘‘Methods’’). 

t Protein was estimated on the basis of nitrogen determinations for starting ma- 
terial and final isolated product; tyrosine or ultraviolet absorption was used for other 
fractions. 

t Specific activity = micromoles of guanine liberated per minute per mg. of 
protein. 


or stronger citrate solutions resulted, respectively, in either too little re- 
covery or insufficient purification of the enzyme. 

Concentration of Eluate—Concentration of the enzyme from the eluate 
was achieved by ammonium sulfate. Solid ammonium sulfate (42 gm. per 
100 ml. of eluate) was added to the eluate (previously cooled to nearly 0°) 
and the resulting precipitate was removed by centrifugation. The pre- 
cipitated protein containing all of the enzyme was dissolved in a minimal 
volume of water. 

Dialysis—The enzyme solution was transferred to a cellophane mem- 
brane (previously washed and soaked in versenate to remove heavy metal 
contaminants (16) and dialyzed for 18 hours against frequent changes of 
dilute versenate solution (0.0005 mM, pH 8.0). The toxicity of unwashed 
cellophane, previously demonstrated with another enzyme of the eryth- 
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rocyte (16), was again clearly illustrated with nucleoside phosphorylase. 
The sensitivity of the enzyme toward trace metals was attributed to its 
sulfhydryl nature (see Paper II of this series). 

Treatment with Fullers’ Earth—The dialyzed enzyme preparation was 
next treated with fullers’ earth (Fisher Scientific Company, Eimer and 
Amend Division) which was washed with water prior to use. A sufficient 
amount of fullers’ earth was added to adsorb maximally non-enzyme pro- 
tein. This usually required about 20 ml. of a 10 per cent suspension of 
fullers’ earth (for 500 ml. of original red blood cells); however, the precise 
amounts should be determined with each preparation. The adsorptive 
capacity of fullers’ earth for the enzyme increases sharply as the pH is 
dropped below 7. 

Readsorption and Elution of Enzyme from Calcium Phosphate Gel—To 
the supernatant fluid resulting from treatment with fullers’ earth was 
added just sufficient gel to adsorb approximately 90 per cent of the enzyme 
(approximately 50 ml. of gel required). The gel containing adsorbed en- 
zyme was washed several times with water and finally eluted by careful 
resuspension with 100 ml. of 0.0025 m trisodium citrate. 

Ammonium Sulfate Fractionation—The eluate in 0.1 m tris(hydroxy- 
methyl)aminomethane (Tris) buffer, pH 8.0, was treated with solid am- 
monium sulfate (42 gm. per 100 ml. of eluate). The resulting sediment 
was dissolved in a minimal volume of water and dialyzed against 0.01 m 
Tris, pH 8.0. Following dialysis, the enzyme solution was fractionated 
with ammonium sulfate. Saturated ammonium sulfate (neutralized) was 
added to final 42.5 per cent saturation and the resulting sediment was 
removed. To the supernatant solution was added saturated ammonium 
sulfate to bring to a final 50 per cent saturation. The resulting sediment 
contained most of the remaining enzyme and represented the final product. 


Relative Enzyme Purity 


Enzyme prepared by procedures described in the previous section was 
investigated for purity. These studies were carried out on a preparation 
which had been allowed to remain in the refrigerator as a solution (dis- 
solved ammonium sulfate precipitate) for approximately a month. During 
this interval, some inactivation of enzyme and denaturation of protein 
occurred. The denatured protein was removed by centrifugation and the 


clear supernatant fluid was dialyzed thoroughly against 0.1 mM phosphate ° 


buffer at pH 7.5. The dialyzed enzyme solution (pale yellow in color) 
was tested for relative purity. 

Paper Electrophoresis—The relative homogeneity of the preparation was 
investigated by paper electrophoretic analyses in which the Spinco model 
R instrument (Durrum type cell) was used. The procedure was as fol- 
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lows: 20 ul. aliquots of the enzyme solution (0.8 per cent protein) were 
transferred onto separate paper strips which had been equilibrated pre- 
viously with buffer solution (Veronal buffer at 0.075 ionic strength and 
pH 8.5). The electrophoretic run was carried out in a cold room (at 
approximately 6°) for a 16 hour period with a constant current of 5 ma. 
Protein patterns were obtained after staining with brom phenol blue. 
The stained areas were subsequently analyzed for dye concentration with 
a recording densitometer (Spinco, Analytrol). 

From the electrophoretic patterns obtained, the preparation appeared 
to be homogeneous. A slight amount of material was found to be re- 
tained at the origin (presumably denatured protein). The remaining 


Fic. 3. Sedimentation pattern. The pattern was obtained after 70 minutes at 
59,890 r.p.m. at 13.5° and a bar angle of 30° (see the text for details). 


material moved as a single band and covered an average distance of 2 cm. 
under the conditions of the experiment. Circumstances did not allow 
further investigation of the preparation by conventional electrophoresis. 
Limited studies with other enzymes prepared in these laboratories have 
resulted in qualitatively similar electrophoretic patterns in which paper 
and conventional electrophoretic techniques have been used. Little en- 
zyme activity was found to be retained after the electrolytic procedure 
with nucleoside phosphorylase on paper (inactivation presumably due to 
heavy metal contaminants present in paper). 

Ultracentrifugal Studies—The relative purity of the enzyme preparation 
was further examined by ultracentrifugation (Spinco model E ultracen- 
trifuge). The ultracentrifuge run was carried out as follows: The enzyme 
solution was dialyzed thoroughly against 0.1 M phosphate, pH 7.5. The 
dialyzed solution contained 0.8 per cent protein. A 0.28 ml. volume of 
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the solution was placed into an appropriate cell and the sedimentation 
was carried out at 59,890 r.p.m. in the analytical rotor No. A61 at an aver- 
age temperature of 13.5°. Photographs were taken at convenient inter- 
vals. 

The sedimentation pattern obtained following a 70 minute run is repro- 
duced in Fig. 3. <A faster moving minor contaminant was found to be 
present in the preparation. That the slower moving fraction, rather than 
the minor component, represented the enzyme was ascertained on the basis 
of specific activity measurements on samples carefully withdrawn from 
the top and bottom halves of the cell following a 70 minute run. <A calcu- 
lation of the sedimentation constant of the enzyme, approximated to 
standard conditions (7.e. in water at 20° in the customary way (20)), gave 
a value of 6.3 Svedberg units (1S = 1 X 107-" e.g.s.u.). 


DISCUSSION 


Purine nucleoside phosphorylase is apparently present at a relatively 
high concentration in the human erythrocyte (presumably present at about 
0.5 per cent of the total protein). The enzyme can be obtained in good 
yield and in apparently nearly pure form with simple purification proce- 
dures from small amounts of starting material. Attempts to obtain a 
further isolated product or crystallization of the enzyme would have re- 
quired larger scale preparations and were not considered to be within the 
scope of the present investigations. 

As additional evidence of the relatively high purity of the enzyme, cal- 
culations showed a turnover of 2100 moles of substrate per minute per 
100,000 gm. of protein with our best preparation, the standard assay pro- 
cedure being used. For purposes of comparison, the better preparations 
of enzyme purified from rat liver were described by Kalckar (10) as forming 
2 mg. of hypoxanthine (inosine as substrate) per hour per mg. of protein, 
which would be a turnover of approximately 25 moles of substrate per 
minute per 100,000 gm. of protein (measurements made at 25° and sub- 
saturating substrate). 

Investigations relating to stability characteristics as well as specific 
kinetic properties of the purified enzyme will be summarized in the follow- 
ing report. 


The authors wish to thank Dr. Kenneth McCarty for carrying out the | 


ultracentrifugal analyses and Dr. Elliot Osserman for the electrophoretic 
analyses. 
SUMMARY 


1. Appropriate procedures for the reliable assay of purine nucleoside 
phosphorylase with use of a colorimetric procedure were described. 
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2. Methods for obtaining purine nucleoside phosphorylase in highly 


purified form from the human erythrocyte were presented in detail. 


3. Evidence was presented suggesting a high order of enzyme purifica- 


tion in the final product, based on ultracentrifugal analyses, electrophoretic 
analyses, and the relative turnover capacity of the preparation. 
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ENZYMES OF THE HUMAN ERYTHROCYTE 
II. PURINE NUCLEOSIDE PHOSPHORYLASE; SPECIFIC PROPERTIES* 


By K. K. TSUBOI anp PERRY B. HUDSON 


(From the Departments of Biochemistry and Urology, Francis Delafield Hospital, 
and the Institute of Cancer Research, College of Physicians and Surgeons, 
Columbia University, New York, New York) 


(Received for publication, May 31, 1956) 


A detailed description of appropriate procedures for the isolation in pre- 
sumably almost pure form of a purine nucleoside phosphorylase from hu- 
man erythrocytes was presented as the original report of Paper I (1). 
The present paper will summarize the results of investigations concerning 
the stability characteristics and kinetic properties of the isolated enzyme. 

Enzymatic degradation of nucleoside leading to liberation of free purine 
was described in the early literature (2, 3); however, the phosphorolytic 
(and arsenolytic) nature of this reaction was not established prior to the 
more recent investigations by Kalckar (4, 5). Phosphorolysis of purine 
ribosides and the reversible nature of this reaction were initially demon- 
strated for inosine and guanosine with use of a purified rat liver preparation 
(5). Subsequently, it has been shown that liver preparations were simi- 
larly active on purine deoxyribosides (6), xanthosine riboside at high en- 
zyme concentration (7), and nicotinamide riboside (8) (riboside synthesis 
with 8-azaguanine (9) as well as 2,6-diaminopurine, adenine, and 4-amino- 
5-imidazole carboxamide (10) was also reported). In addition to phos- 
phorolytic cleavage of nucleoside, a simple hydrolytic mechanism has also 
been recently demonstrated with a yeast preparation (11). A similar 
mechanism has not yet been shown with mammalian tissues. 


EXPERIMENTAL 
Materials and Methods 


Enzyme—Highly purified enzyme (approximately 500-fold based on 
nitrogen) prepared according to procedures described in Paper I of this 
series (1) was used throughout the course of these investigations. 

Substrates—The action of the enzyme was tested on the following nucleo- 
sides: guanosine, inosine, adenosine, cytidine, uridine, xanthosine, and 
thymidine. All nucleosides were dissolved in water, with the exception of 
guanosine, and standardized by ultraviolet absorption, by using published 

* Supported by a grant from the United States Atomic Energy Commission, Divi- 
sion of Biology and Medicine, contract No. AT (30-1)1119. 
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extinction coefficients. Guanosine was dissolved in dilute alkali (1.0 ml. 
of Nn KOH per umole of guanosine) and prepared as a stock solution at 
0.0125 m. Guanosine solutions were prepared frequently (due to a tend- 
ency of the nucleoside to crystallize) and served as the primary substrate 
for the majority of investigations. 

Miscellaneous Reagents—The following —SH reagents were used: p-chlo- 
romercuribenzoate, o-iodosobenzoate, iodoacetamide, iodoacetate, and 
cysteine. Mercuribenzoate was purified by repeated extraction with 
o-phenanthroline in chloroform. Cysteine was purified by procedures de- 
scribed by Warburg (12). Ethylenediaminetetraacetate (versenate) was 
used as a metal-binding agent in the majority of studies. Stabilization of 
enzyme in dilute solution against surface inactivation (e.g., see Tsuboi and 
Hudson (13)) was effected with Triton X-100 (Rohm and Haas), a non- 
ionic surface-active agent. Stock phosphate and arsenate solutions were 
prepared and adjusted to appropriate pH prior to use. 

Enzyme Measurements—Enzyme action was determined in most experi- 
ments by using guanosine as substrate and measuring the rate of guanine 
liberation. Guanine was determined by a colorimetric method (14) in 
which the phenol reagent of Folin and Ciocalteu (15) was applied. Details 
concerning the application of the method have been described in the pre- 
vious report (1). Enzyme action on other substrates was determined by 
inorganic phosphate disappearance according to the method of Lowry and 
Lopez (16), except in the case of xanthosine, for which again the free base 
was estimated colorimetrically with the phenol reagent. 


RESULTS AND DISCUSSION 
Studies Relating to Enzyme Inactiwation 


Enzyme Instability in Dilute Solution—Dilute solutions of purified nucleo- 
side phosphorylase were highly unstable. Enzyme instability was found 
to be due to two separate phenomena, both of which are clearly illustrated 
from the results summarized in Fig. 1. Maximal stability of enzyme re- 
quired the addition of suitable agents to protect against (1) inactivation by 
surface forces (Triton X-100; synthetic, non-ionic, surface-active agent) 
and (2) inactivation induced presumably by trace metal contaminants 
(protection by versenate). 

Detailed investigations concerning surface inactivation of enzymes in 
dilute solution and the protective mechanism have been reported in pre- 
vious publications (13, 17). 

The apparent sensitivity of the purified enzyme to trace metal contam- 
inants suggested the necessity of free —SH groups for enzyme activity, 
which proved to be the case (see the following section). It was concluded 
that dialyzing tubing (Visking Corporation) provided the chief source of 
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metal contaminants (1, 13). Dilution of concentrated enzyme solutions 
in the absence of metal-binding agent resulted in an immediate partial 
inactivation, which could not be fully reversed by the subsequent addition 
of versenate. Dilution in the presence of versenate was therefore essential 
for maximal enzyme activity. These results suggested that a rearrange- 
ment of bound metal was occurring with dilution, which could be prevented 
but not fully reversed by versenate. 

Enzyme Inactivation by Sulfhydryl Reagents—The enzyme was found to 
be readily inactivated in the presence of a variety of reagents capable of 
reacting with free —SH groups. Treatment of the enzyme for a 10 minute 
period with p-chloromercuribenzoate at 1 X 10-7 m resulted in noticeable 
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Fic. 1. Effect of metal-binding and surface-active agents on the reaction rate. 
Curve 1, with versenate (0.001 m) and Triton X-100 (0.002 per cent) present; Curve 2, 
with versenate (0.001 m), no Triton X-100; Curve 3, no versenate and Triton X-100. 
All reaction mixtures contained, in addition, 0.005 m guanosine, 0.1 m acetate buffer 
at pH 6.0, arsenate at 0.05 m, and 0.4 y of enzyme protein per ml. 


inactivation. Complete inactivation of enzyme was observed at a 4 times 
greater concentration of the reagent. The specificity of this reagent for 
free —SH groups appears to be generally accepted (18, 19). Enzyme re- 
activation following subsequent addition of excess cysteine was usually 
incomplete; however, more nearly quantitative reactivation could be dem- 
onstrated provided trace quantities of versenate were added (presumably 
due to stabilization of cysteine). 

The enzyme was found to be extremely sensitive to mild oxidation. 
Appreciable inactivation was detected with o-iodosobenzoate at concentra- 
tions as low as 1 X 10-5 m with little measurable activity remaining at 10 
times greater levels of this reagent. Other —SH reagents of lesser specific- 
ity which were tested included the alkylating agents, iodoacetamide and 
iodoacetate. Both compounds were effective inactivating agents at concen- 
trations in excess of 1 XK 10-4 M. 
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Effect of Metals on Enzyme Activity—A general investigation of the effect 
of metals on the activity of the enzyme was carried out with use of g 
variety of bivalent cations. Little or no inhibition was observed in the 
presence of Mgt*, Cat*, and Bat* at 0.001 m. In Fig. 2 are plotted the 
results obtained with various metals showing an effect on the reaction rate, 
Enzyme inhibition was found to approximate a straight line when plotted 
against the log of the concentration of the inhibiting metal. Of those 
metals tested, Hg+* was found to be the most effective (usual observa- 
tion in the presence of —SH enzyme) with Pb*++ being, unexpectedly, the 
least effective. Strong inhibition by Cut+* was also noted, in accord with 
its ability to combine with, as well as catalyze, the oxidation of —SH 
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Fic. 2. Enzyme inhibition by metals. Reaction mixtures contained metals at 
designated concentrations, enzyme at 0.8 y of protein per ml., 0.005 m guanosine, 
0.025 m arsenate, 0.1 mM acetate at pH 6.0, and 0.002 per cent Triton X-100. Incuba- 
tions were for 30 minutes at 37°. 


groups. The extent to which soluble complex formation between metal 
and arsenate might have affected the results was not further investigated. 
As information continues to accumulate on complex formation by metal 
ions with a variety of simple model systems containing groups familiar to 
protein molecules, metal inhibition patterns on enzymes should ultimately 
be of considerable value in the recognition of the chemical nature of the 
active centers. 

Thermal Denaturation Characteristics of Enzyme—The thermal stability 
characteristics of nucleoside phosphorylase have been summarized in Figs. 
3, A and 3, B. The enzyme was found to be maximally stable at around 
pH 8.0, in contrast to a slightly acidic pH optimum (see later sections) for 
activity. Maximal thermal stability required the presence of versenate. 
It was previously observed (17) that a marked increase in denaturation rate 
resulted as a consequence of heating prostatic acid phosphatase in the 
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presence of metals (as well as p-chloromercuribenzoate). It was concluded 
from these observations that the binding of active groups on the enzyme 
by metals (as well as other non-competitive inhibiting agents) led to an 
increased susceptibility to denaturation by heat. | 

Thermal denaturation of the enzyme was found to proceed at a constant 
rate in accord with that predicted by simple first order kinetics (see Fig. 
3, B). The enzyme was only slowly denatured at pH 8.0; by heating at 
55°, however, it was rapidly inactivated by dropping the pH to 7.0 and be- 
low. 


100 2.0 

pH 8.0 
2 ° 
S75 ~ 16 
50 21.2 
= ° 
|. OOOIM VERS. | o 
2. NO 8 
pH9.5 

A. 30 MINS. AT 50 C. 


60 70 80 930 30 60 90 120 
pH TIME AT 55°C. (MIN) 

Fic. 3. Enzyme stability to heat. A, effect of pH; B, denaturation kinetics 
Enzyme solutions were prepared to contain 2.0 y of protein per ml., 0.1 m tris(hy- 
droxymethy!)aminomethane-acetate buffer of appropriate pH, 0.01 per cent Triton 
X-100, and 0.001 M versenate (except in those cases for which absence is indicated). 
Following designated heating times at specified temperatures, aliquots were re- 
moved, diluted, and assayed for residual activity. 


Kinetic Properties of Purified Enzyme 


Enzyme Activity and pH—Nucleoside phosphorylase degradation of 
guanosine in the presence of excess arsenate was investigated over a pH 
range of 5.0 to 8.5. Maximal substrate degradation was found to occur 
at pH 6.0. Enzyme activity at pH 7.5 was approximately one-half and at 
pH 5.0 one-fourth of the observed maximum. The sharper drop in 
activity on the acid side of the pH optimum as compared with the alkaline 
limb of the curve was presumably a reflection of the pH-stability character- 
istics of the enzyme (see Fig. 3, A). Whether a similar pH-activity curve 
would have resulted with excess phosphate in place of the arsenate was 
not, unfortunately, carried out as a part of these investigations. 

Effect of Substrate Concentration on Reaction Rate—The relationship be- 
tween substrate concentration and reaction rate was determined with the 
enzyme. The results of investigations carried out in the presence of several 
concentrations of arsenate, guanosine being used as substrate, have been 
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summarized in Fig.4, A. The results have been presented in the form of g 
double reciprocal plot (20) for convenience of evaluation. A straight line 
results over the concentration range of substrate investigated as would bk 
predicted from the theory. The slopes were in each instance parallel at 
each of the arsenate concentrations tested, with the intercepts approxi- 
mately equivalent at concentrations of arsenate in excess of 0.025 Mm. In 
the presence of excess arsenate, the Michaelis constant (K,) was estimated 
to be 8 X 10-‘ m with respect to substrate. 

Influence of Phosphate and Arsenate Concentrations on Reaction Rate—The 
relative rate of guanosine degradation in the presence of phesphate and 
arsenate was compared over a range of concentrations of these ions (see 
Fig. 4, B). The results have again been presented in the form of a double 
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Fig. 4. Effect of substrate, arsenate, and phosphate concentrations on the reaction 
rate. A, effect of substrate concentration at various arsenate levels; B, effect of 
arsenate and phosphate concentration at a constant substrate level. All reactions 
were carried out at pH 6.0 in 0.1 m acetate buffer and at 37°. 


reciprocal plot. In the presence of either arsenate or phosphate at concen- 
trations less than 0.01 m, the reaction rate was found to fall off at a linear 
and predictable rate. The difference observed in the rates of guanosine 
degradation in the presence of the lesser concentrations of arsenate and 
phosphate reflects for the most part the irreversible nature of the arsenolytie 
reaction as compared with the reversible, equilibrium nature of the phot 
phorolytic cleavage of the substrate. 

The kinetics of the degradation of guanosine in the presence of arsenate 
and phosphate were further investigated. In the presence of arsenate, 
guanosine was degraded at an initial rapid rate (following approximately 
zero order kinetics until about 10 per cent of the substrate is degraded), 
followed by a constant slower rate (in accord with predicted first order 
kinetics) leading to a complete degradation of the substrate. Guanosine 
degradation in the presence of phosphate, on the other hand, was incom- 
plete and proceeded to a position of equilibrium determined by the relative 
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concentration of reactants. In the presence of equivalent concentrations 
of phosphate and substrate, 7 per cent of the substrate was found to be 
maximally converted (measured at 37°). Ata 10 times greater phosphate 
concentration, 20 per cent of the substrate was found to be converted, 
which is in excellent agreement with that which would be predicted from 
the equilibrium equation. The equilibrium constant on the basis of these 
measurements for the phosphorolytic reaction was found to be 0.005 at 
37° (not corrected for slight contamination of substrate with free guanine). 
Incubation of guanosine in the absence of enzyme results in a slow rate of 
hydrolysis, which is apparently sufficient to affect the equilibrium such that 


TABLE I 
Specificity of Purified Enzyme As Tested with Various Nucleosides 
Loss of inorganic P 
Nucleoside added 
15 min. 30 min. 
umole umole 


The reaction mixtures contained enzyme (4.0 y of protein per ml.), acetate buffer 
(0.1 M, pH 6.0), nucleoside (5 uwmoles per ml.), and inorganic phosphate (5 uzmoles per 
ml.). Loss of inorganic phosphate was determined (16) on aliquots after 15 and 30 
minutes reaction time at 37°. 


prolonged incubation in the presence of phosphate and enzyme results in 
progressively less free guanine (7.e. in excess of that present in the blanks). 

Relative Specificity of Enzyme—The specificity of the enzyme was tested 
against various commercially available nucleosides (see Table I). Of the 
nucleosides tested, guanosine, inosine, and xanthosine were found to be 
susceptible to phosphorolysis. Maximal phosphorolytic cleavage under the 
specified conditions was obtained within a 15 minute reaction period for 
guanosine and inosine; however, xanthosine degradation was still appar- 
ently continuing even after 30 minutes, indicating a comparatively slower 
rate of enzyme action on this nucleoside. Maximal degradation of inosine 
and guanosine was 9 and 11 per cent on the basis of measuring inorganic 
phosphate esterification. 

Studies Relating to Enzyme Inhibition—An attempt was made to find an 
agent or agents capable of demonstrating specific inhibition of the enzyme. 
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Each of the nucleosides shown in Table I was tested as a possible inhibiting 
agent in the presence of an equivalent concentration of guanosine as sub. 
strate (0.005 m in each instance). No inhibition could be demonstrated 
with those nucleosides shown (Table I) to be resistant to phosphorolytic 
cleavage by the enzyme. ‘Inosine and xanthosine, as expected, wer 
capable of competitively inhibiting guanosine degradation. 

Other agents tested as possible inhibitors included borate, pyrophosphate, 
citrate, and fluoride, all at 0.02 m in the presence of 0.02 m arsenate and 
0.005 m guanosine. No evidence of inhibition was obtained with any o 
these agents with the possible exception of fluoride, which showed approxi- 
mately 10 per cent reduction of activity under the specified concentrations, 

Effect of Temperature on Reaction Rate—As a final study, the effect o 
temperature on nucleoside phosphorylase activity was determined at pH 
6.0 and 7.5 in the presence of excess arsenate with guanosine as substrate. 
A temperature range of 15-45° was investigated at increments of 5°. A 
plot of the log of the reaction rate (computed from initial rates) against the 
reciprocal of the absolute temperature resulted in a straight line except 
at the highest investigated temperature (45°, presumably due to enzyme 
inactivation). From the slopes of the straight lines, the apparent activa- 
tion energy was approximated for each of the two pH values investigated 
and was found to be 7600 and 7300 calories for pH 6.0 and 7.5, re 
spectively. 


SUMMARY 


The stability characteristics of preparations of purine nucleoside phos- 
phorylase isolated from the human erythrocyte were described. The 
enzyme was found to be highly susceptible to inactivation in the isolated 
state by surface forces as well as by trace quantities of contaminating heavy 
metals present in the preparations. The sensitivity toward metal con- 
taminants was attributed to the sulfhydryl nature of the enzyme, which 
could be demonstrated by ready inactivation in the presence of appropriate 
—SH reagents. Maximal thermal stability of the enzyme was around 
pH 8.0 with denaturation demonstrable at 55°, following apparent first 
order kinetics. The specific kinetic properties of the enzyme were investi- 
gated. Enzyme activity as a function of pH, temperature, substrates, 
relative phosphate, and arsenate concentrations, reaction time, etc. wa 
investigated and the results are presented. 
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THE BINDING OF ADENYLIC ACID BY 
MUSCLE PHOSPHORYLASE* 


By N. B. MADSEN anp CARL F. CORI 


(From the Department of Biological Chemistry, Washington University School 
of Medicine, St. Louis, Missouri) 


(Received for publication, July 26, 1956) 


The activation of muscle phosphorylase by adenosine-5’-phosphate has 
remained one of the intriguing problems in the study of this enzyme. 
Phosphorylase b has an absolute requirement for this coenzyme, while 
phosphorylase a has about 65 per cent of its full activity in the absence 
of the nucleotide at 30°. Inosinic acid has a slight activating effect which, 
in the case of phosphorylase b at least, is increased by the presence of sal- 
mine (1). Adenosine diphosphate and adenosine triphosphate are inef- 
fective (2,3). Yeast adenylic acid (mixture of adenosine-3’-phosphate and 
adenosine-2’-phosphate) also does not activate phosphorylase (4). Keller 
has reported that 2’-deoxyadenosine-5’-phosphate does not activate phos- 
phorylase b (5). This enzyme is thus seen to have a high degree of spe- 
cificity with respect to its coenzyme requirement. 

When it was discovered that the PR (phosphorylase-rupturing) enzyme 
of muscle could convert phosphorylase a to phosphorylase b, it was natur- 
ally assumed that adenylic acid was a prosthetic group of phosphorylase 
a which was split off by the action of the PR enzyme (6). However, con- 
certed efforts by a variety of methods failed to demonstrate any adenylic 
acid in phosphorylase a recrystallized several times (7,8). In 1953, Keller 
and Cori reinvestigated the conversion of phosphorylase a to b, using puri- 
fied PR enzyme preparations (9). They found that the transformation 
involves essentially a halving of the phosphorylase a molecule. 

It was recently discovered that the reaction catalyzed by phosphorylase 
a has a lower energy of activation in the presence of adenylic acid than 
in its absence (10). The values obtained were 20,800 and 24,600 calories 
per degree per mole, respectively. Phosphorylase b, which requires adeny- 
lic acid, was found to have the same energy of activation as does phosphory]- 
ase a in the presence of adenylic acid, 21,200 calories. In the present 
paper, the binding of adenylic acid to phosphorylase has been studied by 
ultracentrifugal separation and spectrophotometric methods in an effort to 


*This work was supported by a grant from the Rockefeller Foundation. From 
the dissertation submitted by N. B. Madsen, in partial fulfilment of the requirements 
for the degree of Doctor of Philosophy, Washington University, June, 1955. A pre- 
liminary report was presented before the Forty-sixth annual meeting of the American 
Society of Biological Chemists at San Francisco, April 11-15, 1955. 
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extend our knowledge about the relationship between the nucleotide and 
the enzyme. 


Materials and Methods 


Crystalline phosphorylase a was prepared from rabbit muscle by the 
method of Green and Cori (11). It was recrystallized at least three times 
and was treated with Norit prior to the third recrystallization, which was 
carried out in 0.0015 m ethylenediaminetetraacetic acid and 0.02 m sodium 
glycerophosphate at pH 6.8. This buffer was used throughout the experi- 
ments reported in this paper. Phosphorylase b was prepared from crys- 
talline phosphorylase a by the action of purified PR enzyme, kindly sup- 
plied by Dr. P. J. Keller. | 

Adenosine-5’-phosphate was obtained from the Sigma Chemical Com- 
pany and the yeast adenylic acid from the Nutritional Biochemicals Cor- 
poration. The 2’-deoxyadenosine-5’-phosphate was obtained from the 
California Foundation for Biochemical Research, and a sample was also 
donated by Dr. H. Z. Sable. 

The concentration of phosphorylase in solution was determined spectro- 
photometrically at 280 mu by using the data of Velick and Wicks to caleu- 
late the concentration (8). The molecular weight of phosphorylase a 
was assumed to be 495,000 and that of phosphorylase b, 242,000 (9). Con- 
centrations of the nucleotides were determined spectrophotometrically at 
260 my by using a molar extinction coefficient of 16,000 (12). Enzymatic 
activity of the phosphorylase was determined by following the appearance 
of inorganic phosphate during the conversion of glucose-1-phosphate to 
polysaccharide, as in the method of Cori, Cori, and Green (3). 


Results 


Ultracentrifugal Separation Studies—The binding of adenosine-5’-phos- 
phate to phosphorylase a was studied by the ultracentrifugal separation 
method as used by Velick (13). Various concentrations of the nucleotide 
were used with a constant concentration of protein. Each separate solu- 
tion was made up to a volume of 2.5 ml. and placed in 8 mm. X 50 mm. 
plastic tubes. The tubes were capped and seated in nylon holders in the 
No. 40 rotor of the Spinco model L preparative ultracentrifuge. The solu- 
tions were centrifuged for 2 hours at 113,000 X g under mild refrigeration 
to prevent the temperature from rising. The initial temperature of the 
solutions was 24°, and the final temperature was 22°. Tubes W and X of 
Table I are from a separate initial run in which centrifugation was for 4 
hours, the other conditions being the same. 

After the centrifugal runs the upper portions of the solutions were re 
moved to 22 mm. from the tops of the tubes, a volume of approximately | 
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ml. A piece of drawn out glass tubing with an upturned tip was used to 
remove the sample. The supernatant layer thus removed was analyzed 
for protein and adenylic acid. The amount of nucleotide remaining in the 
upper layer was considered to be not involved in complex formation with 
the small amount of protein remaining and is denoted as C;. The added 
amount of nucleotide sedimenting in the presence of protein, compared to 
that sedimenting in the absence of protein, is considered to form a complex 
with the amount of protein sedimenting concomitantly and is denoted C;. 


TABLE I 
Binding of Adenosine-5'-phosphate by Phosphorylase a, Measured 
by Ultracentrifugal Separation Method 


The separation.was carried out at 22-24° in 0.0015 m Versene and 0.02 m sodium 
glycerophosphate at pH 6.8. | 


Tube W;| Tube X |Tube A |Tube B |Tube C /Tube D |Tube E| Tube F |Tube G 


Protein,* in molar 


concentration 

x 108 
ERR cone 4.09 | 4.09 | 3.91 | 3.91 | 3.91 | 3.91 | 3.91 | 3.91 | 3.91 
oe a Sg 0.09 | 0.09 | 0.19 | 0.19 | 0.19 | 0.19 | 0.19 | 0.19 | 0.19 
Sedimented (P)....| 4.00 | 4.00 | 3.72 | 3.72 | 3.72 | 3.72 | 3.72 | 3.72 | 3.72 


Adenylic acid,* in 
molar concentra- 


tion X 10° 
19.3 6.56 |13.12 |26.24 |32.8 (65.5 
Final (Cy).......... 6.7 0.69 | 3.44 | 7.37 |12.75 |19.0 (50.8 
Sedimented (C4)... 12.6 5.87 | 9.68 |12.31 {13.49 {13.8 (14.7 
Co re 3.15 1.58 | 2.60 | 3.31 | 3.62 | 3.70 | 3.95 
0.469 2.29 | 0.756) 0.449) 0.284) 0.195) 0.078 
_& 2. Sees 2.0 1.10 | 2.05 | 1.76 | 1.66 | 1.99 | 1.90 


* Concentrations are those in the supernatant solutions. 
tK = ((nP — (Cy)(Cy))/Cy, where n = 4. 


The amount of protein sedimenting is termed P. The ratio of complex 
formation of nucleotide to that of protein is defined as 7. 

The results of the centrifugal experiments and the calculations therefrom 
are presented in Table I. It may be seen that the coenzyme is strongly 
bound and that a saturation value is approached. If the binding sites are 
equivalent and independent, the binding may be described by the expres- 
sion 


(nP Cs) (Cy) 


(1) 


Ce 
in which n is the number of binding sites per molecule of protein and K 
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is an apparent dissociation constant, the other symbols having been de. 


scribed above. Equation 1 may be put in the form 


r 


When 7? is plotted against 7/C;, a straight line is obtained in which K ani 
nm appear as separate functions with K as a regression coefficient and n th 


intercept of the ordinate. Discussions of the theory and assumptions in. f 


volved in this type of treatment may be found in several review article 
e.g. Klotz (14). 


0 0.2 0.4 0.6 0.8 


LITERS PER MOLE (x 10°) 


Fic. 1. The binding of adenylic acid by phosphorylase a. The data obtained: 


from the ultracentrifugal separation studies (Table I) are plotted according to the 


equation 7 = n — K(7/C;) in which 7 = the number of moles of adenylic acid bount! 


per mole of enzyme, n = the number of binding sites per molecule of enzyme, K = 
the apparent dissociation constant, and Cy, = the molar concentration of unbound 
adenylic acid. 


In Fig. 1, the data from Table I are plotted according to Equation 2. 
The points all fall along a straight line, except that for Tube B of Table], 
which is not shown. This line extrapolates to give a value of 4.1 forn. 
The slope of the line yields an apparent dissociation constant of 1.85 X 
10-* m. This may be compared with a Michaelis constant of 1.5 X 10° 
M calculated from enzyme kinetics (3). In this case, therefore, the value 
of the Michaelis constant gives a true measure of the apparent dissociation 
constant, as determined by direct measurements. 

The value for the number of moles of adenylic acid bound per mole d 
phosphorylase should be an integral number. Since the value of n wa 
found to be 4.1, experimentally, it is considered that each molecule of pho 
phorylase a has four binding sites for adenosine-5’-phosphate. 

When the value of n is known, the apparent dissociation constant, [, 
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may be calculated for each experimental point by the use of Equation 1. 
The results are listed in Table I. The individual values of K are (except 
for Tube B) all of the same order, and the variations may be ascribed to 
experimental errors. This, together with the linearity of the plot in Fig. 
1, is evidence that the four binding sites for adenylic acid on phosphorylase 
are all equivalent, with no interaction among the sites. ‘The apparent lack 
of interaction may be due to the sites being relatively far apart and also 


- to the displacement of an anion by the nucleotide. It is probable also that 


260 280 300 


WAVELENGTH, Mp 
Fic. 2. The effect of 2.07 X 10-* m phosphorylase a on the absorption spectrum of 


1.0 X 10-5 m adenosine-5’-phosphate in 0.0015 m ethylenediaminetetraacetic acid and 
0.02 m sodium glycerophosphate at pH 6.8. 


240 


non-specific binding at areas other than these four sites does not occur, at 
least not at the concentrations used here. 

Shift in Ultraviolet Absorption Spectrum of Adenylic Acid When Bound 
to Phosphorylase a—The fact that adenylic acid is bound rather tightly 
to the phosphorylase a protein suggested that the binding might affect the 
ultraviolet absorption spectrum of the nucleotide. Other examples of such 
effects are known, such as the spectral shift which occurs when reduced 
diphosphopyridine nucleotide is bound to horse liver alcohol dehydrogenase 
(15). The results of a typical experiment are shown in Fig. 2. The upper 
curve is the absorption spectrum of 1.0 * 10-5 m adenylic acid at pH 6.8. 
The lower curve shows the spectrum of the same concentration of adenylate 
in the presence of 2.07 * 10-*m phosphorylase a. The protein has shifted 
the spectrum slightly toward the longer wave lengths and has decreased 
the maximal absorption. By using the constants determined in the ultra- 
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centrifugal separation experiments, it may be calculated that, under the 
conditions and concentrations used here, approximately 58 per cent of the | 


adenylic acid will be bound to the protein, and it is estimated that the mola 
extinction coefficient of the nucleotide bound to phosphorylase is of th 
order of 10,000. 

At the concentrations used above, phosphorylase a did not cause any 
change in the absorption spectrum of yeast adenylic acid. 8 X 10-*y 
phosphorylase a decreased the absorption spectrum of 3.7 K 10-5 Mm 2’-de. 
oxyadenosine-5’-phosphate. The deoxynucleotide was found to increag 
the enzymatic activity of phosphorylase a by approximately 50 per cent, 
and the Michaelis constant was determined to be 2 K 10-5 m. 

The spectral shift which adenylic acid undergoes when bound to phos 
phorylase a made it possible to titrate the protein with the nucleotide by 
following the changes in optical density in the spectrophotometer as ade- 
nylic acid was added to the protein solution. This method was used by 
Theorell and Bonnichsen to study the binding of reduced diphosphopyr- 
dine nucleotide by horse liver alcohol dehydrogenase (15). 

As may be seen from Fig. 2, the greatest absolute change in the absorp. 
tion spectrum of adenylic acid, when bound to phosphorylase a, occurs at 
250 mu. Small amounts of adenylic acid were added to a solution of phos- 
phorylase a in a Beckman cell, while equal amounts of buffer were added 
to the blank cell also containing protein solution. The optical densities 
at 250 my were recorded. The results are plotted in Fig. 3, in which the 
optical densities have been corrected for dilution. It may be seen that a 
definite break in the titration curve occurs. At the break, there are 39 
moles of adenosine-5’-phosphate present per mole of phosphorylase a. 
This value is in close agreement with the result obtained from the ultra- 
centrifugal separation studies reported above. Since the two methods are 
completely independent in principle, agreement of the results is strong ev- 
dence that each molecule of phosphorylase a has four binding sites for 
adenylic acid. 


Binding of Adenylic Acid by Phosphorylase b—The upper curve in Fig. | 


4 is the absorption spectrum of 3.1 X 10-5 m adenosine-5’-phosphate. The 
lower curve is the spectrum of the same concentration of nucleotide in 4 
solution containing 1.58 X 10-5 m phosphorylase b. It is evident that the 
presence of phosphorylase b decreases the ultraviolet light absorption of 
the nucleotide and shifts the absorption peak slightly toward the shorter 
wave lengths. Considering that a lower proportion of the adenylate is 
bound to the protein than is the case with phosphorylase a, the amount 
decrease of the molar extinction coefficient of the nucleotide is much the 
same for the two proteins. However, it should be noted that the shift in 
the wave length of maximal absorption in the case of phosphorylase 6 is 
in the opposite direction to that with phosphorylase a. 
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O18 O27 O36 O45 
ML. 164 x 10 AMP 
Fic. 3. The optical density changes at 250 my (corrected for dilution) accompany- 
ing the addition of adenylic acid to a 2.07 X 10-* m solution of phosphorylase a. At 
the end point, there are 3.9 moles of adenylate present per mole of protein. 


AMP 


0.5- 
3 x 10M AMP 
enzyme 
04 
S$ 0.3 


re) L 1 L 
240 260 280 300 
WAVELENGTH, My 


Fic. 4. The effect of 1.58 X 10-5 m phosphorylase b on the absorption spectrum of 
3.1 X 10-5 m adenosine-5’-phosphate in 0.0015 m ethylenediaminetetraacetic acid 
and 0.02 m sodium glycerophosphate buffer at pH 6.8. 


The spectral shift which adenylic acid undergoes when bound to phos- 
phorylase b made it possible to titrate the protein with the nucleotide in 
the same manner as described above for phosphorylase a. In this case, 
the optical densities at 269 mu were recorded, and these, corrected for 
dilution, are shown in Fig. 5 plotted against the volume of nucleotide solu- 
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tion added to the protein solution. The end point in the titration is where 
the ratio of adenylic acid to phosphorylase b is 2.16. This would indicate 
that each mole of phosphorylase b binds 2 moles of adenylic acid. This ig 
half the amount that phosphorylase a binds, but, since the molecular 
weight of phosphorylase b is half that of phosphorylase a, then on a weight 
basis the amount of binding is the same. 

An attempt to determine the binding of adenylic acid to phosphorylase 
b by the ultracentrifugal separation method used for phosphorylase a was 
unsuccessful due to the greater dissociation of the nucleotide from phos. 


4 


O12 024 O36 O48 060 


ML. 155 x 10 AMP 


Fic. 5. The optical density changes at 269 mz (corrected for dilution) accompany- 
ing the addition of adenylic acid to a 1.58 X 10-5 m solution of phosphorylase b. At 
the end point there are 2.16 moles of adenylate present per mole of protein. 


phorylase b. By using the value of two for the number of binding sites on 
each protein molecule, obtained from the spectrophotometric data, it was 
possible to calculate the approximate value of the apparent dissociation 
constant from the data obtained in the centrifugal experiment. The six 
constants calculated ranged from 4.9 K 10-5 to 8.5 & 10-5 M, with a mean 
of 6.6 X 10-5 m. The Michaelis constant has been reported to have 8 
value of 5 X 10-5 M (3). 


DISCUSSION 


The mechanism of the activation of phosphorylase by adenylic acid has 
so far remained obscure. It has been shown that the phosphate of adenylie 
acid is not exchanged with inorganic phosphate or glucose-1-phosphate 
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during enzymatic action (16). The evidence presented previously, that 
the energy of activation of the enzyme is decreased when it is combined 
with adenylic acid, may be a clue to its mode of action (10). Possibly the 
nucleotide occupies a site on the enzyme near the active center and in some 
manner makes the enzyme into a more efficient catalyst. This raises the 
question as to whether the number of active centers is equal to the number 
of binding sites for adenylic acid. It is difficult to attack the problem of 
the number of active centers directly because the comparatively low affini- 
ties between the enzyme and its substrates present severe technical diffi- 
culties. One suggestive bit of evidence, that there are four active centers, 
is the effect of adenylic acid on the energy of activation as argued above. 
Another is that phosphorylase b binds the same amount of the nucleotide 
as does phosphorylase a but is totally dependent on it for any activity 
whatsoever. The uniformity of the binding sites for adenylic acid in the 
case of phosphorylase a also suggests that, if one of the nucleotide mole- 
cules bound to the protein is concerned with activation, then the other 
three are also. This may be taken to indicate that the number of active 
centers is an integral fraction or multiple of the number of binding sites 
for adenylic acid. For the present, it is suggested that one use as a work- 
ing hypothesis the speculation that phosphorylase a has four active centers. 
In this connection it may be pointed out that phosphorylase a is split into 
four subunits and phosphorylase b into two subunits by the action of p-chlo- 
romercuribenzoate (17). 

Previous experiments with yeast adenylic acid and inosinic acid have 
indicated the importance of the phosphate group position, and of the amino 
group on the base, in the binding of adenylic acid to phosphorylase (1, 4, 
18). The present experiments, as well as those of Keller (5), appear to 
indicate that the ribose moiety is also important for the binding. 


SUMMARY 


The binding of adenylic acid by phosphorylase a was studied by ultra- 
centrifuging mixtures of protein and nucleotide and analyzing the super- 
natant layers. It was found that the enzyme binds 4 moles of adenosine- 
5’-phosphate per mole of protein. The apparent dissociation constant 
calculated from ultracentrifugal data was 1.85 X 10-* m, while the Mi- 
chaelis constant, based on kinetic measurements, was previously found to 
be 1.5 X 10-§m. It was found that when adenylic acid is bound to phos- 
phorylase a, the ultraviolet absorption spectrum of the nucleotide is shifted 
slightly toward the longer wave lengths, and the maximal absorption is 
decreased. This shift permitted a spectrophotometric titration of phos- 
phorylase with adenylic acid. The results of this titration again indicated 
that each molecule of the enzyme has four binding sites for the nucleotide. 
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The spectrum of a mixture of adenosine-3’- and adenosine-2’-phosphates 


is not shifted by phosphorylase a. Phosphorylase a does cause a slight 
shift in the spectrum of 2’-deoxyadenosine-5’-phosphate. The latter com- 
pound will activate phosphorylase a, and the Michaelis constant is 2 x 
m. 


Phosphorylase 6 also causes a shift in the spectrum of adenosine-5’-phos- 


phate. Spectrophotometric titration showed that phosphorylase b binds 2 
moles of adenylic acid per mole of enzyme, or the same amount as phos- 
phorylase a on a weight basis. The apparent dissociation constant of 
adenylic acid and phosphorylase b was also of the same order as the Mi- 
chaelis constant, 6.6 X 10-5 m compared to 5 X 10-5 Mm. 
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THE BIOSYNTHESIS OF CYTOCHROME c IN 
VIVO AND IN VITRO* 


By JULIAN B. MARSHt anp DAVID L. DRABKIN 


(From the Department of Biochemistry, the Graduate School of Medicine, 
University of Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, August 1, 1956) 


From the results of a study of liver and red blood cell catalases, labeled 
with Fe5*, Theorell and his colleagues (4) drew the inference that these 
catalases, although practically indistinguishable chemically, are probably 
biosynthesized independently. In simultaneously performed experiments 
in our laboratory (5) appreciable differences in degree of labeling by means 
of glycine-2-C™ were disclosed for the cytochrome c of different rat tissues. 
Also, a provisional turnover rate of the high order of 12.7 per cent per day 
was calculated for the cytochrome c of liver, regenerating after partial 
hepatectomy. These findings led Drabkin to propose the concept of an 
independent biosynthesis of different hemin chromoproteins and that this 
biosynthesis is a general property of living, aerobic cells (5). Further 
evidence for this point of view is supplied in the present work, in which 
the labeling of the hemin and protein components of cytochrome c by 
means of glycine-2-C™ and lysine-2-C™ has been studied in the intact rat 
as well as in rat tissues in vitro. In the following paper (6) the results of 
an investigation of the biosynthesis of cytochrome c in yeast will be pre- 
sented. 


Methods 


Isolation Procedures—Cytochrome c was extracted from tissues by the 
HSO,-NH,OH technique of Rosenthal and Drabkin (7). The extract 
was brought to pH 7, and the crude chromoprotein was precipitated ac- 
cording to Keilin and Hartree (8). The precipitate was dissolved in water, 
and the steps of the Keilin and Hartree procedure were repeated at least 
twice (5, 9). The final pigment precipitate was dissolved in water and 
subjected to ion exchange chromatography by sorption on a column (6 


inches X : inch) of Amberlite IRC-50 resin, prepared at pH 9 as described 


8 
* This work was aided by funds supplied by the Office of Naval Research and the 
Bureau of Medicine and Surgery, Department of the Navy, and was done under con- 
tract between the Office of Naval Research and the University of Pennsylvania. 
Partial financial support was also obtained from the George W. Raiziss Research 
Fund in Biochemistry. Preliminary reports have been made (1-3). 
t Fellow of the George W. Raiziss Research Fund in Biochemistry. 
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by Paléus and Neilands (10). Elution of the purified cytochrome c wag 
carried out with 0.5 per cent NH,OH. Rechromatography did not result 
in a significant change in the specific activity of the labeled preparations.! 
Passage of the cytochrome c through the ion exchange resin consistently 
yields preparations of this chromoprotein in the highest purity (as judged 
by the iron content) thus far obtainable. 

The hemin moiety was split from the cytochrome c by the method of 
Paul (14). Because of the small quantities involved, carrier cytochrome 
c was added prior to the hemin separation procedure. The hemin was 
recovered by extraction with 10 volumes of acid acetone (acetone, 100 
volumes; 5 mM H.SQ,, 5 volumes). Following the addition of an excess of 
NH,OH, the solution was evaporated to dryness. The resulting solids 
were extracted with n-butanol. The latter solution was filtered and then 
washed five times with 0.25 m H,SO, and two times with water in a sepa- 
ratory funnel. 

The non-cytochrome or tissue proteins were leached by means of 1 m 
NaOH from the residue after the extraction of cytochrome c by the method 
of Rosenthal and Drabkin. The proteins were precipitated from the 
alkaline solution by the addition of 5 per cent trichloroacetic acid. The 
precipitate was extracted for 10 minutes at 90° with 5 per cent trichloro- 
acetic acid. It was then washed once with cold 5 per cent trichloroacetic 
acid, three times with water, twice with ethanol, and once with ether. 
The ‘‘tissue protein” precipitate was now redissolved in 1 m NaOH for the 
determination of concentration and radioactivity assay. 

Spectrophotometry—Although values for the iron content of mammalian 
cytochrome c as high as 0.45 to 0.466 per cent have been reported (10, 
15), until an exact evaluation on a dry weight basis is agreed upon, we have 


1 There was usually a small amount of cytochrome c, about 10 per cent of the 
total, which was not readily eluted from the column. However, after standing for 
several hours in contact with the NH,OH, it did separate into this solvent and was 
found consistently to have about 1.5 times the specific activity of the main fraction. 
In three experiments the ratios of specific activity of the less readily eluted cyto- 
chrome c to that of the cytochrome c in the main fraction were 1.46, 1.60, and 1.54. 
In the usual experiments with rat tissues the amounts available of the less readily 
eluted cytochrome c were too small for adequate study. In a control run, a large 
amount of horse heart cytochrome c, used as a carrier, was employed in the same 
chromatographic procedure and yielded an essentially similar fractionation. In 
this case, the optical density, determined on aliquots converted to ferricytochrome ¢ 
cyanide (see under ‘“‘Spectrophotometry’’), was 29 per cent higher per unit dry 
weight for the readily eluted chromoprotein (the main fraction) than for the pig- 
ment more resistant to elution by NH,OH. Hence, it remains possible that two dis- 
tinct cytochromes are effectively separated by this chromatographic technique, 
and these findings may be related to recent reports suggesting such a possibility 
(11-13). The data reported in this paper are confined to the readily eluted cyto- 
chrome c, the main fraction. 
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based our spectrophotometric constants (¢€ at a concentration of 1 mmole 
per liter and depth of 1 cm.)? on an iron content of 0.43 per cent, which 
corresponds to a minimal molecular weight of 13,000. On this basis, the 
following ¢€ values have served in the determination of the concentration 
of the isolated preparations: ferricytochrome c, 121.0 (maximum at 409 mu, 
the so called Soret band (2)*); ferricytochrome c cyanide, 10.9 (maximum 
at 537 mu, about pH 13 (2)%); and hemin dicyanide, 11.3 (maximum at 
545 my, in aqueous solution of about pH 13 (16)*) and, provisionally, 10.4 
(at 550 my, in n-butanol). It may be pointed out that the evaluation of 
the concentration of cytochrome c through the optical density values ob- 
tained at wave length 409 my, a region of very high selective absorption, 
permits the use of the ordinary 1 cm. depth cuvettes in place of the special 
capillary cuvette technique employed heretofore for measurements at 
wave lengths 550, 535, and 520 mu (7). Although practically all solutions 
of hemin chromoproteins have intense absorption bands in the near ultra- 
violet region, the location of the maxima of these bands is nevertheless 
characteristic, and the method of isolation of cytochrome c precludes the 
presence of other chromoproteins, such as hemoglobin, in the final solution. 
The constant, 10.9 at 537 my, for ferricytochrome c cyanide! was based on 
independent analyses, referable to dry weight, of the iron in cytochrome c 
(9). The absorption spectrum of the cyanide derivative of ferricytochrome 
cis very similar to that of cyanmethemoglobin and, like the latter, fur- 
nishes a direct analytical value for cytochrome c iron (17). 
The concentration of the non-cytochrome or tissue proteins was deter- 
mined photometrically by the biuret method of Gornall eé¢ al. (18). 

Radioactivity Assay—After determining the concentration, as above, 
measured aliquots were evaporated to dryness in steel cup planchets and 
assayed with a flow counter. The results are expressed as counts per min- 
ute per mg. at infinite thinness. In the case of hemin split from cyto- 
chrome c, as a further check on radiochemical purity, after radioactivity 
assay the isolated hemin was converted into protoporphyrin dimethyl 
ester by the method of Grinstein (19). Counts upon the isolated hemin 
and the corresponding porphyrin derivative were within the limits of the 
error of the present analytical procedures. 

Techniques in Vitro—The experiments in vitro were performed in two 
ways: (1) Rat tissue slices, 0.6 mm. thick and approximately 250 mg. in 
weight, were incubated in Erlenmeyer flasks containing 10 volumes of 
medium per weight of tissue. This corresponds with the ratio of tissue 
mass to volume of medium in the wet or immersion technique, as conven- 


*Evaluated with the Beckman DU spectrophotometer with a spectral span or 
wave band of the order of 1.5 to 2 mu. 
*Drabkin, D. L., unpublished data. 
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tionally used in the Warburg manometric method. (2) The incubation 
was carried out in the new moist chamber respirometer of Drabkin and 
Marsh (20). Information on the substrate media is furnished in the 
footnotes of Tables V and VI. 

Owing to the established inverse relationship of cytochrome c content 
to body size (21), the rat is ideal for studies of this chromoprotein. Male 
albino rats of the Wistar strain, 200 to 250 gm. in weight, were used. 
They were fed a diet of Purina checkers ad libitum and fasted overnight 
before the experimental run. 


Results 


Experiments in Vivo—The data supplied in Table I indicate that 24 
hours after the intraperitoneal injection of glycine-2-C™ the cytochrome c 
and non-cytochrome tissue proteins were labeled to approximately the 
same degree, except in skeletal muscle. In the latter tissue the cytochrome 
c was relatively more highly labeled. It may be seen in Table II that the 
decline in radioactivity of the cytochrome c was of the order of 80 per cent 
from Day 2 to Day 9 after the administration of the tracer. The decline 
in the radioactivity of the tissue proteins, with the possible exception of 
those in skeletal muscle, was of a similar order of magnitude. On the 
basis of this criterion of rate of decrease in labeling after isotope adminis- 
tration, the so called turnover of tissue cytochrome c is quite rapid and 
consistent with the value of about 13 per cent per day calculated from 
the earlier work (5). However, in liver and kidney the turnover rates of 
the chromoprotein and non-cytochrome tissue proteins are similar. It 
may be inferred from these findings (Tables I and II) that the metabolic 
behavior of the cytochrome c is conditioned by and characteristic of the 
tissue in which it is present. 

The comparatively low incorporation of the isotope in the chromo- 
protein of heart muscle, a tissue among the richest in cytochrome c (22), 
confirms Drabkin’s similar earlier observation (5). However, the labeling 
of the non-cytochrome proteins is also comparatively low in this tissue. 

Since the protein moiety of cytochrome c is reportedly high in lysine 
in comparison with more usual proteins (23, 24), it was of interest also to 
use lysine-2-C" asa tracer. The data in Table III (after lysine-2-C™) may 
be compared with those in Table I (after glycine-2-C"). Attention may 
be directed more especially to the ratios of the specific activity of cyto- 
chrome c to that of the tissue proteins (see the last columns of Tables I 
and III). It is evident that, relative to the tissue proteins, cytochrome ¢ 
was 2 to 3 times more highly labeled after the administration of the same 
biologically effective radioactive level of lysine as of glycine. Again, how- 
ever, it may be pointed out that the data suggest that the labeling pattern 
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TABLE I 
Relative Labeling of Cytochrome c and of Non-Cytochrome Tissue 
Proteins 24 Hours after Intraperitoneal Administration 
of Glycine-2-C'** 


Tissue Experiment No. | proteins (7P)| Ratio, 
saa C.p.m. per mg C.p.m. per mg 
Liver 1 56.5 57.5 0.98 
2 66.0 83.5 0.79 
4 117.0 130.0 0.90 
5 147.5 129.0 1.14 
6 254.0 290 .0 0.88 
Kidney 1 51.7 64.2 0.81 
2 62.3 §2.2 1.19 
4 123.0 88.7 1.39 
6 420.0 364.0 1.15 
Skeletal muscle 1 50.6 11.0 4.60 
2 57.0 24.1 2.37 
4 159.0 78.5 2.03 
Heart 1 31.6 42.3 0.75 


* The specific activities in the individual experiments reflect differences in the 
dose of administered isotope, which ranged from 5 to 20 we. (specific activity 0.1 uc. 
per umole). 


TABLE II 
Decline in Specific Activity of Cytochrome c and of Non-Cytochrome Tissue Proteins* 


Day 2 Day 9 Day 2 Day 9 (C) (TP) 

om. | atm | | | | 
298 73.6 395 78.5 75.3 80.0 
Kidney............. 227 24.0 350 70.1 89.4 79.8 
Skeletal muscle..... 217 46.5 123 50.9 78.5 58 .6 


* Each of four rats of similar weight was given 10 we. of glycine-2-C"™ (specific ac- 
tivity 0.1 uc. per zmole) intraperitoneally; two were sacrificed after 2 days and the 
remaining two after 9 days. 
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Relative Labeling of Cytochrome c and of Non-Cytochrome Tissue 
Proteins 24 Hours after Intraperitoneal Administration 
of DL-Lysine-2-C'4* 


| protein CrP) | Ratio, 
C.p.m. per mg c.p.m per mg 
597 244 2.45 
Skeletal muscle.............. 213 100 2.13 


TABLE IV 


* 20 uc. (specific activity 0.1 we. per umole) of the isotope were used. 


Labeling of Hemin and Protein Moieties of Cytochrome c at Different 
Intervals of Time after Intraperitoneal Administration 
of Glycine-2-C'* 


Tissue of tissue fll t san. cytochrome ¢ proteint 
proteins c(C) |hemin (H) © cytochrome ¢ hemint 
(1) (3) (4) (5) (7) (8) 
perme. | perme 

Liver 7 0.5 626 422 1.3 14.5 

7 1.0 758 556 2.1 8.4 

7 4.0 670 744 1.9 9.2 

5 24.0 129 147 .5f 5.9 2.4 

6 24.0 290 254 3.5 4.7 

Kidney 8 0.75 | 379 432 0.7 29.4 

7 4.0 201 309 4.6 3.4 

4 24.0 88.7 123 6.7 2.0 

6 24.0 364 420 4.3 3.7 


* 10 uc. of the isotope (specific activity 0.1 ue. per umole) were administered, ex- 
cept in Experiment 6 in which 20 we. were given. 

t In the calculations, the molecular weight of cytochrome c was taken as 13,000, 
its protein weight as 12,350, and its hemin weight as 650. The activity per micro- 
mole of hemin is derived from the specific activity of hemin (Column 6) X 0.65 and 
the activity per micromole of cytochrome c protein is derived from the specific ac- 
tivity of cytochrome c (Column 5) X 13 less the activity per micromole of hemin. 

t For comparison, the specific activity of the hemoglobin, 24 hours after glycine- 
2-C"™ administration, was 10.7 and that of its hemin moiety was 102. Thus, the ratio 
of specific activities of hemoglobin hemin to hemoglobin was 9.5, and the correspond- 
ing ratio of activities per mole of globin to hemin was 6.8 (1 mole of globin per 1 mole 
of hemin) and 1.7 (1 mole of globin per 4 moles of hemin). 
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of the cytochrome c of skeletal muscle is somewhat different from that of 
the other tissues. Thus, comparatively similar amounts of isotopic in- 
corporation were obtained with glycine-2-C™ for the chromoprotein in 
liver, kidney, and skeletal muscle (Table I), whereas, with lysine-2-C™ 
(Table III), the incorporation in the cytochrome c in liver and kidney is 


TABLE V 


Relative Labeling of Cytochrome c and of Non-Cytochrome Tissue 
Proteins in Liver and Kidney Slices Incubated in Vitro 


with Glycine-2-C'** 
The wet or immersion technique, as in the conventional Warburg method, was 
used 
Tissue Experiment No. | proteins Ration 
C.pP.m. per mg. c.p.m. per mg 
Liver 9 87.6 86.1 1.02 
10f 147.0 294.0 0.50 
11 189.0 123.0 1.54 
12 223 .0 637 .0 0.35 
13 247 .0 154.0 1.60 
Kidney 14 67.0 183.0 0.37 
15 71.1 227 .0 0.31 
16 143.0 263 .0 0.54 


* Theslices were incubated for 2 to 4 hours at 37° in 5 to 10 volumes of substrate 
medium of the following composition (millimoles per liter): KCl, 100; KHCOs, 40; 
MgCl., 10; glycine, 10. pH of medium, 7.4; gas phase, 95 per cent O2-5 per cent CO;; 
specific activity of glycine-2-C™, 0.1 uc. perumole. Under these conditions 25 umoles 
of glycine with an activity of 2.5 wc. are afforded per tissue slice of about 250 mg. 

t In Experiment 10 acetate and succinate (2 mmoles per liter) were added to the 
above medium. 


’ about 2 times greater than that in muscle. Although cogent information 
| is unavailable, this finding may possibly be related to differences in the 
lysine content of the different tissue cytochromes. 

If a mechanism of porphyrin synthesis similar to that proposed by 
: Shemin and his colleagues for hemoglobin (25) holds for tissue chromopro- 
) teins, the hemin of cytochrome c should be labeled after the administration 
of glycine-2-C'%, This was observed (Table IV), but the data in Table IV 
also disclose that the degree of labeling of the hemin of cytochrome c is 
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markedly influenced by the time elapsed after isotope administration. It 
is evident from an inspection of the ratios of labeling of the cytochrome ¢ 
protein to that of cytochrome c hemin (Column 8, Table IV) that in the 
early intervals of time (0.5 to 4 hours) following the injection of glycine- 
2-C™ the hemin was relatively poorly labeled in comparison with the pro- 
tein moiety. This is a new and probably significant finding in the area 


TaBLe VI 
Labeling of Hemin and Protein Moieties of Cytochrome c of Liver and 
Kidney after Incubation in Vitro with Glycine-2-C'* 
The new moist chamber respirometer technique (20) was used, except in Experi- 
ment 10, in which the Warburg immersion technique was employed. 


: Specific ific | Ratio of 
| Incuba- activity of anivity specific | Ratio 


proteins ¢ (C) H) © cytochrome ¢ hemint 


Liver 10 4 294 147 t 
17 6 1710 1490 601 0.40 48.5 
18 6 1018 1900 924 0.49 40.1 
Kidney 19 6 1240 2650 1290 0.49 40.0 


* Except in Experiment 10 (see Table V), the liver slices were incubated for 6 
hours at 37° in the moist chamber respirometer (20) in medium of the following com- 
position (millimoles per liter): KCl, 80; KHCO;, 40; MgCl:, 10; glucose, 20; glycine- 
2-C"™ (specific activity 1.3 uc. per wzmole), 20. The pH of medium was 7.4, and the 
gas phase was 95 per cent O2-5 per cent CO:. In the case of the kidney slices glu- 
cose was omitted from the medium with appropriate adjustment of the KCl concen- 
tration. In the moist chamber respirometer technique (20) fifteen slices of tissue 
(total tissue weight 3.6 gm.) are run at one time, with a total of 7 ml. of medium. 
Under these conditions approximately 9 wmoles of glycine with an activity of 12 
pe. are allowed per tissue slice of about 250 mg. (See the corresponding footnote 
to Table V.) 

t See the corresponding footnote to Table IV. 

t A count of only 1.2 times the background was obtained on the total hemin re- 
covered. 


of hemin chromoprotein metabolism. At 24 hours after the administration 
of glycine-2-C"™ the labeling of the cytochrome hemin has reached a maxi- 
mal level. At this time the labeling of the cytochrome c is of the order of 
12 times greater than the labeling of hemoglobin (Table IV). Not in- 
cluded in Table IV are similar experiments with lysine-2-C™. Under our 
conditions the labeling of the hemin of cytochrome c with this agent was 
of such low order that it could not be used as evidence for specific incorpo 
ration, as proposed by Altman ef al. (26) for the hemin of hemoglobin 
during active blood regeneration, 
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Experiments in Vitro—The demonstration in intact animals that the 
methylene carbon of glycine is incorporated in the hemin and protein of 
cytochrome c does not rule out the possibility that cytochrome c porphyrin 
or its precursors may be synthesized in some particular tissue and trans- 
ported to other tissues in which the conjugated chromoprotein is finally 
fabricated. For this reason, among others, experiments on labeling in 
vitro are desirable. The results shown in Table V indicate that the label- 
ing of the whole cytochrome c molecule occurred when liver or kidney 
slices were incubated in a medium containing glycine-2-C™, which pro- 
vided 2.5 we. of radioactive carbon per tissue slice. It may be seen, by 
comparing the data in Tables I and V, that the degree of labeling of the 
cytochrome c relative to that of the non-cytochrome tissue proteins was 
similar in vivo and in vitro, except that under the latter conditions the re- 
sults were considerably more variable. ‘The reasons for this variability 
are obscure, but we believe that the possibility that it is owing to adventi- 
tious contamination of either the cytochrome c or tissue proteins with the 
isotope in the medium has been effectively ruled out by the care exercised 
to eliminate this factor in the procedures employed. 

The data in Table VI (Experiments 17 to 19) provide evidence that 
the labeling of the hemin of cytochrome c has been accomplished in vitro 
with our new moist chamber respirometer technique (20). For comparison, 
Experiment 10 is included in which the incubation of the tissue slices was 
carried out by the usual wet or immersion technique, as in the Warburg 
method. The latter conditions were unsuitable for adequate cytochrome 
c recovery and for effective labeling of the cytochrome c hemin moiety in 
vitro (20). It may also be noted that, even in the successful experiments 
(Nos. 17 to 19), the labeling of the hemin relative to that of the protein 
of cytochrome c was appreciably poorer under conditions in vitro than 
in vivo. (Compare the data in the last columns of Tables IV and VI.) 
Regardless of the explanation of this observation, these experiments in 
vitro nevertheless indicate that liver and kidney tissues can construct hemin 
and chromoproteins in situ. 


DISCUSSION 


The present experiments on cytochrome c support and materially ex- 
tend our original view (5) that perhaps all aerobic cells possess independent 
biosynthetic capabilities for the fabrication of hemin chromoproteins. 

The labeling of the hemin moiety of cytochrome c by means of glycine-2- 
C“ is compatible with current concepts of porphyrin biosynthesis (25). 
The question as to whether the process is completely analogous with that 
of porphyrin in hemoglobin must await the degradation of the labeled 
hemin of cytochrome c to determine the location of the C“. The findings 
of a 2- to 3-fold greater labeling of cytochrome c and an equivalently higher 
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ratio of labeling of cytochrome c to non-cytochrome tissue protein after 
lysine-2-C" than after glycine-2-C™ administration may be related to the 
relatively high lysine content of the tissue chromoprotein (23, 24). Com- 
paratively, the labeling of cytochrome c at 24 hours after isotope adminis- 
tration was about 12 times greater than that of hemoglobin (Table IV), 
Also, the “turnover” rate of cytochrome c, which may be deduced from 
the decline in radioactivity from Day 2 to Day 9 (Table II), was in agree- 
ment with our earlier evaluation (5) and about 12-fold that of the hemo- 
globin in the circulating red blood cells, which may be taken as somewhat 
less than 1 per cent per day (27). It has been suggested by one of us (2) 
that, if the term ‘“‘life span” is non-rigidly applied to tissue cells, the ‘‘turn- 
over” of such cellular constituents as cytochrome c and tissue proteins 
may well represent a measure of the “life span” of tissue cells or of their 
structural components such as the mitochondria in much the same way 
that the measurement of the labeling of hemoglobin reflects the life span 
of the red cells. 

While data published by Shemin and Rittenberg (27) and by Altman 
and coworkers (28) on globin labeling after injection of glycine isotope 
are far less extensive and perhaps less satisfactory than those for hemin, 
the inference has been drawn that in general the ratio of globin to hemin 
labeling remains relatively constant in blood samples drawn at various 
intervals of time after isotope administration. Extensive unpublished 
information obtained in our laboratory‘ for Day 3 to Day 150 after glycine- 
2-C* administration to dogs confirms the earlier findings of a constant ratio 
of C™ activity per mole in globin and in hemin, which in our experiments 
was 12.7 (s.e. = +0.16). Hence, our present finding of appreciably 
poorer incorporation of glycine-2-C™ in the hemin relative to the protein 
of cytochrome c in the early intervals of time (0.5 to 4 hours) following 
the injection of the isotope discloses an unexpected and interesting com- 
plication in chromoprotein biosynthesis. At this stage of our information 
(29), it is premature to conclude that the hemin and protein components 
of cytochrome c are biosynthesized at different rates. Indeed, the ex- 
planation of the apparent unequal rates of labeling of the hemin and pro- 
tein may be sought rather in differences in the separate pools of the imme- 
diate precursors of hemin and protein (2) and such factors as transamidation 
reactions, which, in the presence of glycine-2-C™, might favor the earlier 
labeling of the protein moiety (29). The latter factor may also be the 
basis of the even poorer labeling with glycine isotope of the hemin relative 
to the protein, which we observed in the experiments in vitro, as compared 
with those in vivo. However, our finding of the labeling of the protein 


4 Experiments of Drabkin, D. L., Graybiel, A., Colehour, J. K., Usdin, V., and 
Dych, A. M. 
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prior to that of the hemin is no longer unique for the biosynthesis of cyto- 
chrome c and may be true of other hemin chromoproteins. Thus, Thorell, 
from a study of hen erythroblasts at different stages of maturation, has 
recently concluded (30) that glycine-N'® is incorporated first in globin (or 
possibly in a precursor protein) and then in hemin. One may infer from 
Thorell’s work that the early stages of hemoglobin biosynthesis are missed 
in isotopic studies of hemin and globin labeling confined to essentially 
mature circulating red blood cells. Most recently, however, Kruh and 
Borsook (31) have found that hemin and globin are synthesized at equal 
rates from the same amino acid pool in studies in vitro of reticulocytes 
obtained from phenylhydrazine-anemic rabbits. 

An essential part of the present investigation was the simultaneous study 
of the labeling of the non-cytochrome tissue proteins. From the inter- 
pretative viewpoint, in regard to protein biosynthesis in general, it is of 
interest that our studies revealed no significant differences, except in skele- 
tal muscle, between the degree of labeling of cytochrome c and of the bulk 
of cellular proteins. 

Attention may be directed to a final point of interest. The rapid 
“turnover’”’ of cytochrome c in liver is of the same order of magnitude as 
that found by Theorell et al. (4) for the catalase of this tissue. The adap- 
tive character of these chromoproteins is discussed in the following paper 
(6). 


SUMMARY 


The incorporation of glycine-2-C™ and lysine-2-C™ in the hemin and 
protein moieties of cytochrome c has been investigated in the intact rat 
and in several rat tissues in vitro. Under both sets of conditions success- 
ful labeling of the hemin and protein components was demonstrated with 
glycine-2-C4, After the administration of lysine-2-C™ the protein of 
cytochrome c was appreciably more labeled than after the administration 
of an equivalent radioactive level of glycine-2-C'*. The present experi- 
ments strongly support the view (5) that all aerobic tissues possess inde- 
pendent capabilities for the biosynthesis of hemin chromoproteins. 

Data obtained as to the comparative degree of labeling of cytochrome c 
and non-cytochrome tissue proteins of liver and kidney by means of gly- 
cine-2-C™ revealed no significant differences and permit the deduction 
that their “‘turnover” rates are similar. In the case of skeletal muscle the 
incorporation of the isotope in the chromoprotein was greater than that 
in the corresponding tissue proteins. With lysine-2-C cytochrome c pro- 
tein was more highly labeled than the bulk of cellular proteins. 

The relative labeling of the protein and hemin moieties in cytochrome c 
by means of glycine-2-C™“ was dependent on the time interval after the 
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administration of the isotope. The protein presumably was labeled ear- 
lier than the hemin, resulting in decreasing ratios of protein to hemin 
labeling during the period of 0.5 to 4 hours after isotope administration. 
The significance of this observation has been discussed. 
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Cytochrome c probably belongs in the class of adaptive enzymes, in the 
sense that the cellular concentration of this chromoprotein appears to 
respond to the demand for its function in the utilization of oxygen (3). 
The substrate-induced synthesis of mammalian cytochrome c may be de- 
duced from the findings of Drabkin (2, 4, 5) in experimental hypothyroid 
and hyperthyroid (thyrotoxic) rats, in which decreases and increases of 
oxygen consumption were attended by marked parallel alterations in the 
quantity of the tissue pigment. A similar inference for the cytochrome c 
of brewers’ yeast adapting to life in an atmosphere of oxygen was drawn 
by Chin (6) in Keilin’s laboratory and by Ephrussi and Slonimski (7) for 
the chromoprotein in bakers’ yeast grown anaerobically, then exposed to 
oxygen. These investigators correlated increases in the cyanide-sensitive 
respiratory exchange with qualitative spectroscopic changes which oc- 
curred when these yeasts in the non-proliferative state were shifted from 
their anaerobic environment to oxygen. Before exposure to oxygen two 
absorption bands were present, one at 550 to 566 my attributed to cyto- 
chrome b, and a second weak band at 585 to 590 my ascribed to cytochrome 
a,;. The latter may be owing to the more recently described yeast hemo- 
globin (8). After exposure to oxygen the above spectrum was replaced 
by another, characteristic of cytochromes a, b, and c. Similar spectro- 
scopic changes in anaerobic cells adapting to aerobic existence had been 
discovered much earlier by Tamiya (9) in Aspergillus oryzae and by Fink 
(10) in brewers’ yeast, but they had been attributed by these early workers 
to the selective growth and multiplication of certain cells already present 
in the anaerobic state. Recently, it has been found that two other hemin 


* This work was aided by funds supplied by the Office of Naval Research and the 
Bureau of Medicine and Surgery, Department of the Navy, and was done under con- 
tract between the Office of Naval Research and the University of Pennsylvania. 
Preliminary reports have been made (1, 2). 

t Present address, Department of Microbiology, State University of New York 
Upstate Medical Center, Syracuse, New York. 
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chromoproteins in yeast, cytochrome peroxidase (11) and catalase (12), are 
adaptively produced on exposure to oxygen. 

Aside from ancillary considerations of interest, the present study was 
undertaken with the view of securing quantitative information on the bio- 
synthesis of cytochrome c in yeast adapting to oxygen by means of labeling 
with glycine-2-C™“. The incorporation of this isotope in mammalian cyto- 
chrome c had previously been demonstrated (13, 14). It was also desira- 
ble to learn whether adaptation to life in oxygen involved a de novo total 
synthesis of cytochrome c, whether the process was largely confined to the 
fabrication of specific cytochrome c protein, with hemin transfer from pre- 
existing chromoproteins, suggested as a possibility by earlier workers (6, 
7), or whether inert precursors present before adaptation were transformed 
into cytochrome c. The evidence which will be presented demonstrates 
that yeast cells adapting to oxygen have a highly active biosynthetic capa- 
bility for cytochrome c and that the hemin moiety of this chromoprotein 
can be fabricated de novo in such cells. 


Methods 


Preparation of Yeast Cell Suspensions—Cultures of bakers’ yeast (Sac- 
charomyces cerevisiae), strains 59R (‘‘normal’’) and 59RA (‘“‘petite colonie” 
mutant), were kindly supplied to us by Dr. Boris Ephrussi. These strains 
_ were the same as those originally used by the French investigators in their 
study of the adaptive nature of the cytochromes (7). Strain 59R, when 
grown in the presence of oxygen, has all three cytochrome components 
a, b, and c; the “petite colonie” mutant 59RA, grown in oxygen, exhibits 
only the spectral absorption of cytochrome c. Also, the 59RA mutant 
forms hemin chromoproteins more slowly than the wild or normal 59R 
strain (15) and appears to be lacking in cytochrome oxidase. Hence, the 
function of cytochrome c in strain 59RA remains to be defined. The cul- 
tures of the two strains of yeast were carried on agar slants of the follow- 
ing composition: glucose, 2 per cent; Bacto-peptone (Difco), 1 per cent; 
and yeast extract, 1 percent. They were subcultured periodically. 

To obtain the amounts of fresh yeast cells required, inoculations were 
added to autoclaved liquid medium of the following composition: glucose 
2 per cent, Bacto-peptone 1 per cent, and yeast extract 0.1 per cent, made 
up in tap water. Aerobic cultures were grown in 300 ml. of medium in 1 
liter flasks, agitated on a mechanical shaker at 30°. Anaerobic cultures 
were grown in 3 or 5 liter flasks, equipped with an inlet tube extending into 
the medium for flushing and a Bunsen valve for escape of gases. After 
inoculation the flasks were flushed with nitrogen (purified by passing 
through chromous acid solution) for about } hour, the inlet tube was sealed 
off, and the cultures were incubated at room temperature (about 25°). 
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Harvesting of Cultures—After the cultures had reached maximal growth, 
as judged by visual inspection, aliquots were examined microscopically for 
bacterial contamination and, if contaminated, discarded. The cultures 
were harvested by centrifugation and washed three times with ice-cold 
distilled water. Aerobically grown cells were stored overnight at 4° be- 
fore use. Anaerobic cultures were used at once. 

Conditions of Adaptation—In experiments involving adaptation to oxy- 
gen without growth, the harvested yeast cells were suspended in a nitro- 
gen-free medium, containing, per liter of distilled water, 20 gm. of glucose, 
10 gm. of KH2PQO,, 0.1 gm. of MgSO,-7H;0, and 0.1 gm. of CaCle, with 
the pH adjusted to 5.5 by the addition of NaOH. When growth was de- 
sired, the glucose, Bacto-peptone, and yeast extract medium, in which the 
cells had been grown originally, was used. Cells suspended in the media 
were placed in gas cylinders made of glass, which had fritted glass filters 
of medium porosity fused to theirends. Purified nitrogen or air was forced 
through the filters, thereby efficiently gassing the cell suspensions. Foam- 
ing was controlled by the addition of a drop of olive oil and oleic acid. 
The gassing procedure was carried out in a water thermostat at 30°. At 
zero time glycine-2-C' was added and the nitrogen was replaced by air if 
desired. Details of the conditions of the individual experiments are sup- 
plied in Table II. For descriptive convenience we empirically distinguish 
three phases (a) adapting, (b) adapted, and (c) growing or adapted growing 
(see Table III). In the experiments designated as adapting, the yeast 
cells were subcultured in nitrogen and at zero time shifted to air and nitro- 
gen-free (non-growth) medium plus the tracer. The designation adapted 
applies to cells subcultured in air and at zero time shifted to non-growth 
medium containing the isotope, with incubation continued for a subse- 
quent period in air. ‘The growing phase represents adapted cells, as above, 
but shifted at zero time to growth medium with added isotope; the incu- 
bation was continued in air. 

Extraction and Purification of Cytochrome c—For isolation of the cyto- 
chrome c the yeast suspension was transferred from the gassing column 
into a beaker and cooled by the addition of crushed ice. The cells were 
then centrifuged and washed twice with ice-cold water. A modification 
of Keilin’s procedure (16) was used for the extraction of cytochrome c. 
Per 100 gm. of the wet cell paste, 10 gm. of NaCl were added and the mix- 
ture was stirred until the cells were plasmolyzed. The plasmolysate was 
heated at 90° for 5 minutes and then cooled in an ice bath. 10 gm. each 
of solid sodium bisulfite and sodium hydrosulfite were now added, the mix- 
ture was stirred, and the flask was stoppered to prevent access of air. 
After standing overnight, the contents were centrifuged, and the super- 
natant fluid containing the cytochrome c was poured off. The cell residue 
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was washed with water, and the wash, after centrifugation, was combined 
with the original supernatant fluid. The recovered solution was dialyzed 
against distilled water. A voluminous white precipitate, which formed on 
dialysis, was centrifuged. In the experiments in which the radioactivity 
of whole cytochrome c was determined (see Table III), the solutions were 
further dialyzed against saturated (NH,)2SO,, the precipitate was removed 
by centrifugation, and the supernatant fluid (containing the chromopro- 
tein) was again dialyzed against distilled water. These additional dialysis 
steps involve large losses of cytochrome c and were omitted in those in- 
stances in which the labeling of cytochrome c hemin was measured (Table 
III). In either case, the cytochrome c in the salt-free solution was puri- 
fied by sorption on a column of finely ground Amberlite IRC-50 ion ex- 
change resin, according to the technique of Paléus and Neilands (17), as 
modified by Margoliash (18). The cytochrome c was eluted from the 
resin by means of saturated ammonium acetate, and its quantity was meas- 
ured spectrophotometrically. 

From the recovery of approximately 0.5 gm. of resin-purified cytochrome 
c from 200 kilos of aerobic (cultured in air) bakers’ yeast, we estimate that 
the original concentration of this chromoprotein in yeast is of the order of 
10 to 20 y per gm. wet weight.!' This is somewhat lower than the concen- 
tration previously reported for yeast (19, 20). It is of the same order of 
magnitude as the concentration of cytochrome c in human liver tissue (21), 
but considerably lower than the concentration of this chromoprotein in 
rat tissues (22). 

Non-Cytochrome or Non-Specific Yeast Proteins—After the extraction of 
cytochrome c, the non-cytochrome yeast proteins were extracted from the 
cell residues, as described by Marsh and Drabkin (14). As in the studies 
on the labeling of mammalian cytochrome c, the determination of the 
radioactivity of the non-specific proteins provides a reference for compar- 
ing the specific activities of different cytochrome c samples and serves as 
a check on the metabolic activity of the cells. 

Spectrophotometry—Tentatively, as the cytochrome c for reference we use 
the resin-purified mammalian pigment, prepared from horse heart, whose 
iron content is taken as 0.43 per cent, with a corresponding minimal mo- 


1 For the detection of cytochrome components in intact yeast cells a hand spectro- 
scope was used. The cells were suspended in an equal weight of water and NaS,0, 
was added as a reductant. For a clearer detection of cytochrome c, an aliquot of 
the yeast cell suspension was heated for 1 minute at 100° to destroy thermolabile cy- 
tochrome };, whose diffuse absorption band interferes with the visualization of the 
cytochrome c band at 550 my. In our anaerobically grown cells there was a scarcely 
detectable band at 550 my, suggesting the presence of traces of cytochrome c in such 
cells. After exposure to air in the experiments involving adaptation, a strong band 
of cytochrome c was always observed. We estimate that there was at least a 5-fold 
increase in cytochrome c in the yeast cells adapted to oxygen. 
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lecular weight of 13,000 (23). In Table I a comparison is afforded of the 
spectrophotometric constants (e for a concentration of 1 mmole per liter 
and a depth of 1 cm.) at characteristic wave lengths of the mammalian and 


TABLE I 
Comparison of Spectrophotometric Constants* of Purified 
Mammalian and Yeast Cytochrome c 
A General Electric recording spectrophotometer with a spectral span of approxi- 
mately 10 mu was used. The values in parentheses are wave lengths in millimicrons; 
maxX = Maximum; min = minimum. 


Green spectral region 
Ratio, Soret region 
max 
min 
Mammalianf 
Ferricytochrome c cya- 10.90 (max, 535) 121.5 (max, 413) 
nideft 
Ferricytochrome c 11.67 ( ‘* 546) 126.1 ( ‘* 406.5) 
12.27 ( 524) 
Ferrocytochrome cf 24.20 ( 549.5) 2 45 147.2 ( ‘* 415.5) 
9.88 (min, 535) 1.68 
16.57 (max, 520) : 
Yeast§ 
Ferricytochrome c cya- 10.90 (max, 540) 106.5 (max, 415) 
nide§ 
Ferricytochrome c 10.46 ( ‘* 528) 126.7 ( ‘* 406) 
Ferrocytochrome “ 21.95 ( 549) 2.36 135.2 ( ‘* 416) 
9.27 (min, 536) L 68 
15.60 (max, 519.5) : 


* Extinction, e, for a concentration of 1 mmole per liter and a depth of 1 cm., ob- 
tained in alkaline solutions of approximately pH 13. 

t The constants for mammalian cytochrome c are referable to dry weight and an 
analytical value for iron by the o-phenanthroline method (24), which in our resin- 
purified preparations yielded 0.43 per cent of Fe, corresponding to a minimal molecu- 
lar weight of 13,000. 

t Identical spectrophotometric values for the ferricytochrome c cyanide deriva- 
tive in the green spectral region were obtained with the General Electric recording 
spectrophotometer and the Beckman DU instrument (14). On the other hand, owing 
to the broad spectral span of the recording spectrophotometer and the relative sharp- 
ness of the absorption bands involved, the e values of the maxima in the green spec- 
tral region of ferrocytochrome c are different from those obtained with the Beckman 
equipment, which gives the following corresponding values (25): 28.4 (550 my), 7.3 
(535 my), and 14.7 (520 my), with a ratio of the maximum at 550 my to the mini- 
mum at 535 mp = 3.89. 

§ The constants for yeast cytochrome c were calculated from optical density val- 
ues obtained on a resin-purified preparation of the chromoprotein. The validity 
of the constant 10.9 for yeast ferricytochrome c cyanide was assumed (see under 
“Methods’’). 
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yeast cytochrome c. In the case of the purified mammalian cytochrome c 
the concentration in millimoles per liter (referable to the molecular weight 
of 13,000) may be obtained by weighing out a dry sample, or may be 
determined spectrophotometrically on solution aliquots converted into fer- 
ricytochrome c cyanide by using the e value of 10.9 at 535 mu. Good 
agreement is obtained by the two methods,’ and, in effect, in the spectro- 
photometric determination the cytochrome c iron is also directly evaluated 
(2, 14). The validity of this constant for ferricytochrome c cyanide is 
assumed for the yeast chromoprotein, thereby basing the various constants 
for the yeast cytochrome c on those of the mammalian cytochrome c of 
reference. However, in the case of the resin-purified yeast chromoprotein, 
the independent determinations of concentration in millimoles per liter 
from dry weight of sample and from the optical density of solutions of 
ferricytochrome c cyanide, by using the constant 10.9, yielded discrepant 
results. For example, 17.87 mg. of the yeast cytochrome c dissolved in 
50 ml. should yield a concentration of 0.0275 mmole per liter ((17.87 xX 
20)/13,000), whereas the spectrophotometric analysis of ferricytochrome 
c cyanide gave a value of 0.0220 mmole per liter (0.240 (optical density) /- 
10.9 (constant for 1 mmole per liter)), which is exactly 20 per cent lower 
than that based on dry weight. ‘Thus, the inferences may be made that 
the resin-purified yeast cytochrome c, in comparison with the mammalian 
chromoprotein, contains 0.344 per cent of iron, with a corresponding mini- 
mal molecular weight of about 16,300, or that the yeast pigment stil] con- 
tains spectroscopically inert impurities. Pending further study we favor 
the first inference, since there is some evidence permitting the deduction 
that a mammalian cytochrome c of lower iron content (0.34 per cent) is 
separated from the main cytochrome c, with 0.43 per cent of iron or higher, 
in the IRC-50 ion exchange resin technique (14). 

The concentration of cytochrome c hemin was determined spectrophoto- 
metrically as hemin dicyanide, the constant 11.3 at 545 my being employed 
(14). 

Radioactivity Assay—Since the amounts of yeast cytochrome c recovered 
were small, horse heart cytochrome c, purified by the same technique, was 
quantitatively added as carrier, prior to radioactivity measurement or the 
splitting of the hemin from the chromoprotein by Paul’s method (26). 
In two experiments (Nos. 5 and 7, Table III) the hemin was converted into 
hematoporphyrin (27) and radioactivity was determined on the latter. 
Measured aliquots of the labeled, carrier-diluted cytochrome c were evap- 
orated to dryness in steel cup planchets and assayed with a flow counter. 
The labeled cytochrome c hemin was taken up in n-butanol, washed once 
with 0.5 m HCl, and five times with water. This was found to remove 


* Drabkin, D. L., unpublished observations. 
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added radioactive glycine completely (14). The butanol solution was care- 
fully evaporated to dryness in a stream of air, a drop of concentrated 
NH,OH was added, and the ammoniacal solution was diluted with water. 
Solid NaCN? was added to the alkaline hemin solution for conversion to 
hemin dicyanide, aliquots of which were measured spectrophotometrically 
and evaporated on the steel cup planchets for counting. The results are 
expressed as counts per minute per mg. at infinite thinness. 


Results 


The incorporation of glycine-2-C" in the non-cytochrome yeast proteins 
was linear for at least 5 hours after addition of the isotope to the cells sus- 
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Fic. 1. The rate of incorporation of glycine-2-C"™ in the non-cytochrome proteins 
of yeast strain 59RA. 497 mg. (dry weight, corresponding to about 2.0 gm. wet 
weight) of yeast in 50 ml. of nitrogen-free medium containing glucose; 5 mmoles of 
glycine-2-C', with a specific activity of 1 uc. per mmole, added at zero time. 


pended in nitrogen-free medium containing glucose (Fig. 1). Hence, it is 
probable that in our experiments the metabolic turnover of the cells was 
steady and that the concentration of glycine was not a limiting factor. 
Table II supplies pertinent information as to the experimental conditions 
in which the labeling data, furnished in Table III, were secured. The in- 
corporation of glycine-2-C" in the yeast cytochrome c and its hemin as 
judged by the level of labeling obtained (Columns 6 and 8, Table III) is 
very high in comparison with that observed for the cytochrome c and its 
hemin in rat tissues in vivo (14). The unusually active biosynthetic capa- 
bility for cytochrome c hemin of the yeast cells, adapting, adapted, or grow- 
ing, as defined under ‘‘Methods,’’ may be inferred from the estimate of the 
percentage of ‘“‘new hemin formed”’ in a period of 4 hours after isotope 


*NaCN, not KCN, should be used for conversion to ferricytochrome c cyanide, 
when it is the object to carry out radioactivity assays on this cytochrome c deriva- 
tive, since KCN reagent has inherent slight radioactivity. 
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(Column 10, Table III). These values were calculated from the specific 
activities of the hemin (counts per minute per mg. in Table III converted 
to counts per minute per millimole) and the corresponding activity of gly- 
cine (microcuries per millimole in Table II). In the calculation, the counts 
per minute per microcurie of the glycine added to the medium were taken 


TaBLeE II 
Conditions in Individual Experiments 
: Wet weight* Volume of . Specific 

gm. ml. mmoles (yc. per mmole hrs. 

1 59RA 52 1000 0.20 20.0 5.5 
2 59RA 29 1000 0.20 20.0 5.25 

3T 59RA 25 800 0.15 10.7 4.5 

4f 59RA 25 800 0.15 10.7 4.5 

5 59RA 27 450 1.77 9.0 4.0 

6 59R 67 750 0.92 10.0 4.0 

7 59R 28 750 0.76 10.0 4.0 

8t 59R 15 750 0.80 10.0 4.0 

9t 59R 15 750 0.80 10.0 4.0 
10 59R 9 .6-16.8§ 800 1.00 16.0 4.0 
11 59R 4 - 8.8§ 800 0.65 16.0 4.0 


* Wet weight is the weight of the yeast after centrifugation at 2000 r.p.m. and re- 
moval of the supernatant fluid. 

t Experiments 3 and 4 were performed simultaneously on samples of the same 
batch of yeast. 7 

t Experiments 8 and 9 were performed simultaneously on samples of the same 
batch of yeast. 

§ These values represent approximate changes in wet weight in a 4 hour growth 
period during incubation on growth medium (see under ‘‘Methods’’). The dry 
weight increased during growth from 2.4 to 4.2 gm. in Experiment 10 and from 
1.0 to 2.2 gm. in Experiment 11. The dry weight was determined by filtering an 
aliquot of the cell suspension through a tared fine porosity fritted glass funnel and 
drying for 2 hours at 110° before weighing. 


as 1.1 X 10°, and it was assumed that, similar to the hemin of mammalian 
hemoglobin, 8 carbon atoms of yeast cytochrome c hemin were derived 
from glycine. In strain 59R, under aerobic conditions, the values ranged 
from 13 to 36 per cent and were probably underestimated, since the iso- 
topic glycine was undoubtedly diluted by the glycine in the internal amino 
acid pool of the cells. 

The dependence of the synthesis of cytochrome c hemin on oxygen was 
demonstrated unequivocally in Experiments 8 and 9, performed simul- 
taneously on aliquots of the same batch of yeast. The conditions were 
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identical, except for gassing with air in Experiment 8 and nitrogen in Ex- 
periment 9. The biosynthesis of hemin in the latter was only 12 per cent 
of that in the former (2.4 per cent of new hemin formed as against 19.5). 
This significant reduction in hemin synthesis occurred despite the fact that 


TaBLeE III 


Incorporation of Glycine-2-C' in Cytochrome c and Its Hemin in Yeast 
Adapting to Oxygen, As Well As Adapted and Growing in Orygen 


Specific 
Experi-| Yeast | Atmos- Specific activ- Ratio, Rede, New 
(TP) 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 
po C.p.m. per mg. C.p.m. per mg. per cent 
1 | 59RA| Air | Adapting 442 6,461 14.6 
2 | 5SRA Adapted 1198 9,124 7.6 
3 | 5SSRA 125 4,900 39.2 
4 |59RA| Ne ” 106 2,754 26 .0 
5 | 59RA| Air | Adapting 976 (14, 4,7323§ | 4.8 | 3.5 
6 | 59R 1798 21.1 | 28.2 
7 | 59R 1312 19,301f 14.7 | 13.1 
8 | 59R - Adapted 2243 26 , 278 11.7 | 19.5 
9 | 59R N2 _ 2465 3,239 1.3 2.4 
10 | 59R Air | Growing 1189 67 ,612 56.9 | 31.2 
11 | 59R 1497 78,175 52.2 | 36.2 


* For the method of calculation, see the text. 

t This value was calculated by multiplying the activity of the non-cytochrome 
proteins, 976 in this experiment, by the factor 14.6 (the ratio of C/TP in Experi- 
ment 1). 

t Counted after conversion of the hemin into hematoporphyrin by Paul’s method 
(27), and the amount of the recovered porphyrin was determined spectrophoto- 
metrically. 

§ In Experiment 5 a value of 59.2 may be calculated for the ratio of activities per 
micromole of cytochrome c protein to cytochrome c porphyrin: ((14,250 K 13) — 
(4732 X 0.598))/ (4732 X 0.598). 


oxygen could not be excluded completely during a period of about 1 hour 
required for centrifuging the cells after the incubation, before they are 
destroyed in the extraction procedure. Attention may be directed to the 
fact that, in these experiments (Nos. 8 and 9), the labeling of the non-cyto- 
chrome yeast proteins (Column 5, Table III) was practically the same in 
nitrogen as in air. Hence, the biosynthesis of the non-specific yeast pro- 
teins is independent of the presence of oxygen. 

The high levels of incorporation of glycine-2-C™ in the cytochrome c 
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hemin of strain 59R (Experiments 8, 10, and 11) were obtained in the 
adapted and growing phases. Hence, it is difficult to avoid the conclusion 
that the hemin was in a rapid state of turnover. In one experiment (No, 
5) on yeast of strain 59RA in the adapting phase the labeling of the hemin 
was comparatively low and only about 50 per cent higher than that ob- 
tained in the cytochrome c hemin of strain 59R when gassed with nitro- 
gen (Experiment 9). This correlates well with the observation that muv- 
tant 59RA synthesizes cytochrome c more slowly than the wild or normal 
type 59R (15). On the other hand, cytochrome c biosynthesis in the mu- 
tant strain was also dependent on the presence of oxygen. This was re- 
flected in the relative activities of the chromoprotein in simultaneously 
performed Experiments 3 and 4 (Column 6, Table III), although the differ- 
ence in degree of labeling in air and nitrogen was far less striking than 
that observed in Experiments 8 and 9 in the normal 59R yeast. 

Attention may now be directed to other points of interest. The specific 
activity of the non-cytochrome proteins (7P) in Column 5, Table III, was 
used as a “‘base line” of reference, as in the calculated ratios of activity 
of cytochrome c to that of the non-specific protein (C/7TP in Column 7) 
and of cytochrome c hemin to that of the cell protein (H/TP in Column 
9). The ratios of C/TP (see Experiments 1 to 4 on mutant 59RA) were 
markedly higher than the corresponding ratios for mammalian cytochrome 
c, which were of the order of 3.0 for rat skeletal muscle and 1.0 for rat liver 
and kidney (14). This probably merely reflects the preferential de novo 
synthesis of the chromoprotein in comparison with that of the non-cyto- 
chrome proteins. The transformation to any appreciable extent of inert 
precursors into cytochrome c appeared to be ruled out, but the variability 
of the ratios of C/7'P (as in the adapted Experiments 2 and 3) did not per- 
mit a sound deduction to be made as to possible differences in rate of cyto- 
chrome c synthesis in the adapting as against the adapted phase. A priori, 
all other factors remaining the same, a higher rate of glycine-2-C" incor- 
poration could be expected in the adapting phase, in which the synthesis 
of new cytochrome c might be most active. 

The ratios of H/TP for the normal 59R strain, like those of C/T7P for 
the mutant, are also appreciably higher than those found by Marsh and 
Drabkin (14) for mammalian cytochrome c hemin in rat tissues, which 
were of the order of 5.0 for liver and kidney. It is also evident that the 
degree of labeling of cytochrome c hemin in 59R yeast (Column 8) was of 
a similar order of magnitude in the adapting and adapted phases (Experi- 
ments 6 to 8) and comparatively much higher in the growing phase (Ex- 
periments 10 and 11). In these experiments the growth curve was meas- 
ured by dry weight determinations on aliquots periodically removed and 
showed that growth had leveled off by the 3rd hour of incubation. The 
very high ratios of H/TP (56.9 and 52.2) were partially due to somewhat 
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decreased isotopic incorporation in the non-cytochrome proteins (Column 
5, compare the results of Experiments 10 and 11 with those of Experiment 
8). It is probable that the ‘‘turnover” of the non-specific yeast proteins 
was not decreased during growth, but that the lower level of incorporation 
was caused by dilution of the isotope by the glycine in the Bacto-peptone 
of the growth medium. Despite this isotope dilution, the most highly 
labeled cytochrome c hemin we obtained was in these experiments involv- 
ing growth. 

Unfortunately, because of the need of conserving materials, labeling data 
in individual experiments were secured either on whole cytochrome c or on 
cytochrome c hemin. In only one experiment (No. 5), in which the ac- 
tivity of the hemin was determined, was it possible also to calculate, in- 
directly, the corresponding activity of the whole cytochrome c and derive 
an estimate of the ratio of activities per mole of cytochrome c protein to 
cytochrome c porphyrin (see Table III). The calculated value of 59.2 for 
this ratio in this experiment is extraordinarily high in comparison with 
corresponding ratios of the order of 2.0 to 4.7 found for mammalian cyto- 
chrome c labeled in vivo, but it is of the same magnitude as that found in 
cytochrome c of rat liver labeled in vitro (14). If this ratio is correct, it 
indicates that, at least in the case of the cytochrome c in strain 59RA, the 
protein moiety was very highly labeled in comparison with the hemin and 
suggests that there may have been an earlier incorporation of isotope into 
the specific protein than into the hemin (cf. Marsh and Drabkin (14)). 


DISCUSSION 
Our data on the incorporation of glycine-2-C™ in the cytochrome c of 


yeast exposed to oxygen unequivocally support the view that there is a 


most active, adaptive de novo biosynthesis of the chromoprotein and its 
hemin under these circumstances. In the yeast cells in the presence of 
oxygen, there must be a competition, conditioned by enzymic equipment, 
for the same prosthetic hemin or its precursors (28, 29) by the apoenzyme 
portions (specific proteins) of other chromoproteins besides cytochrome ec, 
such as catalase and cytochrome peroxidase, also adaptively produced 
(11,12). The simultaneous production of both cytochrome c and catalase 
in adaptation to life in an atmosphere of oxygen has interesting connota- 
tions. The hypothesis may be suggested that in organisms living anaero- 
bically oxygen even at low pressures has a toxic effect, as it does at a pres- 
sure of several atmospheres in aerobic mammals (30), and mechanisms for 
the handling of the gas must be developed. 

It is pertinent to inquire whether oxygen, besides stimulating de novo 
production of cytochrome c hemin and the necessary specific proteins, 
also somehow permits the transfer of preexisting hemin from a chromo- 
protein, such as cytochrome b;, present in the anaerobic state (6, 31). 
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Our finding that the hemin of cytochrome c is not more labeled in the 
adapting than in the adapted phase of exposure to oxygen could be used to 
support the inference that in the adapting phase the labeled hemin had been 
diluted by hemin transfer from cytochrome b;. Added support for this 
view, but of uncertain value since it is based on a single, indirect experi- 
ment, is the very high labeling of the cytochrome c protein in comparison 
with that of the hemin.‘ We believe that the very high labeling of the 
hemin in the growing phase, as compared with that in the adapting and 
adapted phases, is explained more reasonably by the possibility that the 
adaptive fabrication of cytochrome c is stimulated not only by oxygen but 
also by the metabolic concomitants of the growth process. Support for 
this viewpoint is earlier demonstrations that cytochrome c is increased 
during tissue regrowth, as in liver restoration after partial hepatectomy 
(22), and that parallel increases in both cytochrome c and ribose nucleic 
acid occur in such processes (32). Hence, the present experiments do not 
exclude the idea of hemin transfer, but offer no rigorous support in its favor. 

It is of interest to point out that orientation with the viewpoint of the 
adaptive character of cytochrome c may require a reassessment of estab- 
lished earlier observations on this chromoprotein. Thus, it is probable 
that the decreased concentration of cytochrome c in malignant epithelial 
tissues (33) has not imposed upon such abnormally growing cells the need 
for switching to an essentially glycolytic metabolism, but rather that the 
chromoprotein was decreased because of the diminished requirement of 


oxygen. 


SUMMARY 


By means of labeling with glycine-2-C™ a most active de novo biosynthesis 
of cytochrome c and its hemin has been demonstrated in yeast exposed to 
oxygen. 

The incorporation of glycine-2-C™“ in the hemin of cytochrome c was 
especially high in experiments in which the yeast cells were growing in 
oxygen. 

The hypothesis of hemin transfer from one chromoprotein to another and 
some of the implications of our experiments have been discussed. 


We wish to acknowledge our indebtedness to Mrs. Jean Kuhn for tech- 
nical assistance. 

‘It is possible that this finding may be an artifact, since we have no proof that 
purification by means of the ion exchange resin technique is as effective in freeing the 


yeast cytochrome c from adventitious radioactive contamination as it is in the case 
of the chromoprotein isolated from mammalian tissues (14). 
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In 1931, Bollman and Mann demonstrated that fructose does not relieve 
hypoglycemia in the dog deprived of both liver and gastrointestinal tract, 
but does have such an effect, though not so great as that of glucose, when 
only the liver is excised (1). These workers concluded, from these ob- 
servations, that the gastrointestinal tract is capable of converting fructose 
to glucose. More recently, ample confirmation of this conversion has 
come from the studies of Darlington and Quastel on the isolated, perfused 
guinea pig intestine (2) and of Wilson and Vincent on the isolated small 
intestine of the hamster (3). These experimental findings offer no support 
for the view that biochemical effects of absorbed fructose would differ from 
those obtained with absorbed glucose. Indeed, Peters, in assessing pos- 
sible therapeutic indications of fructose, states that fructose should be 
administered parenterally because of its large conversion to glucose during 
absorption (4). 

Several groups of investigators have shown, however, that the metabolic 
effects of absorbed fructose are not the equal of those of glucose (5-8). 
For this reason we have studied here the nature of the products recovered 
from portal plasma of animals fed C'-labeled fructose. 


EXPERIMENTAL 
Treatment of Animals 


Male rats of the Long-Evans strain and guinea pigs purchased on the 
open market were used. The rats had been fed either a stock diet (Purina 
laboratory chow) or a diet containing 58 per cent of either glucose or 
fructose. The preparation of the jejunal loop has been described else- 
where (9). The jejunal section selected varied in length from 4 to 9 cm. 
No attempt was made to keep the size of the loop constant, but care was 


* This work was supported by a contract from the United States Atomic Energy 
Commission. 
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taken to select a jejunal section supplied with a prominent vein into which 
a polyethylene cannula could be inserted. This lack of uniformity ac- 
counts, in part, for the variability in the rates of fructose absorption ob- 
served here. From 0.25 to 0.5 cc. of a solution containing from a trace 
(less than 0.1 mg.) to 100 mg. of C"*-labeled fructose was injected into the 
intestinal loop, and the animals were killed from 20 to 85 minutes later. 


Methods and Material 


Labeled Fructose—The labeled fructose was prepared photosynthetically 
by Dr. S. Abraham, as described by Putman and Hassid (10). Its carbons 
were evenly labeled with C™, and it was shown to be chromatographically 
pure. 

Analyses of Tissues—The preparation of ethanol extracts of the various 
tissues and their radiochromatographic analyses have been described else- 
where (9). Appropriate aliquots of the ethanol extracts made alkaline to 
phenol red were evaporated to dryness, and the residue was oxidized to 
CO., according to Van Slyke and Folch (11). The CO, was then deter- 
mined as the BaCQ3. 


Results 


Experiments with Rats—The C™ content of the total whole blood col- 
lected from the intestinal loops was measured in the first four rats (Table I). 
The difference between the C™ introduced into the lumen and that re- 
covered in the wall plus lumen at the end of the period of observation is 
the fraction designated here as “absorbed.”’ The results indicate that 
routes other than portal blood are of negligible significance in the transport 
of absorbed fructose from the loop. 

The results obtained with Rats 5 to 12 (Table I) show that from 30 to 
70 per cent of the C™ present in portal plasma at various intervals after 
the introduction of C'-fructose into the lumen of the loop is contained in 
fructose, and less than 20 per cent in glucose. Lactate and unidentified 
compounds accounted for as much as 60 per cent of the C™ in portal plasma 
collected from the loop. 

The previous diet did not appear to affect the manner of absorption of 
fructose. Experiments carried out with alloxan-diabetic rats yielded 
essentially the same results as those obtained with normal rats. . 

Experiments with Guinea Pigs—Under the conditions of our study, from 
10 to 30 per cent of the C™ in portal plasma was present as fructose and 
from 60 to 90 per cent as glucose. Lactate accounted for about 10 per 
cent of the C on the plasma chromatogram. 
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h I 
C- Recovery and Distribution of Absorbed C™ in Portal Plasma Collected from 
>. Jejunal Loops into which C'-Fructose Was Placed 
e Distribution of 
chromat 
Animal Weight fructose |" tion ab- | covered 
No. placed | (eriog | sorbed | in col- 
in loop from | lected z 
loop* | portal 
| whole 3 2 2 
y bloodt |3 
ns 3 =) 
mm | ome. | min 
us Ratt 1 400 45 20 9 99 
2 390 25 45 21 110 
- 3 500 | 80 85 | 28 88 
to 4 350 80 60 40 110 
to 5 170 1.0 | 60 | 53 0 | 50 | 21 | 29 
a 6 170 | 100 | 45 | 49 8 | 49 | 18 | 25 
7 300 100 60 37 13 | 55 | 2) 30 
8 350 48 50 16 | 43 | 35 | 6 
9 275 10 40 10 | 41 | 46; 3 
10 500 80 40 28 2/|74|24/ O 
11 350 | Trace | 30 43 99 | 15 | 25| 60); O 
ol- 12 400 | “ | 30 | 19 | 105 |20| 40] 40] 0 
I). Guinea pig 1 700 20 30 | 77 55 | 32/13] 0 
1. 2 850 | 80 40 | 8 | 80 | 60| 25/12] 3 
is 3 1200 40 25 41 95 | 88; 8] 4; 0 
at 4 1300 | Trace | 20 40 88 | 78 | 10;12); 0 
ort * These values represent the difference between the C"™ introduced into the loop 
and the C recovered at the end of the period of observation from the loop (wall and 
to contents). 
t From 5 to 10 cc. of blood were collected during the absorption period. 
Ler t Diets fed before the experiment: Purina laboratory chow (Rats 1 to 4 and 8 
in to 10), 58 per cent glucose diet (Rats 5, 7, and 11), and 58 per cent fructose diet 
ed (Rats 6 and 12), respectively. The two latter diets were fed for 3 days or more. 
DISCUSSION 
of The view that, in the rat, the metabolic effects resulting from the feeding 
ied | of fructose are not equal to those resulting from the feeding of glucose is 
based on the following experiments: Diabetic rats were fed, for several 
“a days, diets containing 58 per cent of either glucose or fructose, and the 
ad capacities of their livers to synthesize fatty acids from C"-acetate were 
ws compared. The livers of the glucose-fed, diabetic rats showed the expected 


impairment in conversion of acetate carbon to fatty acids, but the rate of 
this conversion proceeded normally in the livers of the fructose-fed animals 
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(7). Inasecond study, it was shown that a loss in glucose tolerance occurs 
in normal rats after the feeding, for several days, of a diet containing 58 
per cent fructose as the sole carbohydrate, and that this altered glucose 
tolerance is associated with a decrease in the capacity of the liver to oxidize 
glucose to CO, (8). These liver responses to. fructose feeding suggested 
that, in the rat, fructose is not completely converted to glucose in its 
passage across the intestinal wall and that a portion of absorbed fructose 
as such reaches the liver. The present study with C''-fructose leaves no 
doubt that, under experimental conditions more physiological than those 
of the intestinal preparations in vitro, a sizable portion of the absorbed 
fructose can be recovered in portal plasma of the rat as fructose. 

Burget et al. found fructose in the mesenteric blood of dogs that were 
made to absorb fructose from closed loops of their intestines (12). In this 
connection, it is of interest to note that the glucose disposal mechanism 
can be depressed by feeding the dog, for several days, a diet containing 
fructose as the sole carbohydrate (13). Since differences in the effects of 
dietary glucose and fructose have also been observed in the human (5, 6), 
it is reasonable to infer that the conversion of fructose to glucose in the 
intestine of man also is not complete. In the guinea pig, the conversion 
of absorbed fructose to glucose by the intestine is quite high, and in one 
experiment as much as 88 per cent of the absorbed fructose was recovered 
as glucose in the portal plasma draining an intestinal loop. 

A large conversion of glucose to lactate by the isolated intestinal prepara- 
tion was observed by Newey et al. (14) and by Wilson and Wiseman (15). 
We demonstrated recently that, under the zn vivo conditions employed here, 
very little C'*-lactate was recovered in portal plasma of rats absorbing 
C'-glucose (9). Taylor and Langdon have concluded that this lactate 
formation is not of quantitative significance in the absorption of glucose 
in the intact rat (16). In the present studies, however, in the rat absorbing 
C'-fructose as much as 60 per cent of the C" in portal plasma was present 
as lactate. This conversion of fructose to lactate occurs primarily in the 
intestine rather than in the cellular elements of blood. When C"-fructose 
was allowed to stand with rat or guinea pig blood, the conversion of the 
labeled hexose to lactate was negligible. 


SUMMARY 


1. Fructose evenly labeled with C™ was injected into specially prepared 
jejunal loops of rats and guinea pigs, and the total blood draining these 
loops was collected for periods of 20 to 85 minutes. The C-labeled com- 
pounds in portal plasma were separated and identified by a radiochromato- 
graphic procedure. 
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2. The following C compounds were identified in portal plasma of both 
rats and guinea pigs: glucose, fructose, and lactate. 

3. In the rat, about 10 per cent of the absorbed fructose was recovered 
as glucose in the total plasma that drained from the jejunal loops. In 
the case of the guinea pigs, the conversion to glucose was much higher, in 
the neighborhood of 70 per cent. 

4. Significant amounts of the C™ of the absorbed C-fructose in both 
rat and guinea pig were present as lactate in portal plasma. The recov- 
eries of C'*-lactate were lower in the guinea pig than in the rat. 

5. C™“ was also found in unidentified compounds in portal plasma of 
both rat and guinea pig. In the guinea pig, this C™ did not exceed 3 per 
cent, but in the rat it represented as much as 30 per cent of the absorbed 
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Considerable evidence has accumulated in support of the view of Levine 
and Goldstein (1) that the mechanism of insulin action is to accelerate the 
transfer of glucose into the cells of certain tissues, particularly muscle. 
According to this hypothesis, the entry of sugar into these cells is the rate- 
limiting step in the over-all metabolism of sugar. While the sugar trans- 
fer mechanism upon which insulin acts is largely obscure, certain charac- 
teristics of the transfer mechanism, believed to be localized in the cell 
membrane, have been defined. Thus, the insulin-responsive sugar trans- 
fer mechanism does not appear to involve a hexokinase type phosphor- 
ylation step, since the insulin effect occurs with sugars which are not 
significantly metabolized in the test preparations employed. The transfer 
mechanism has specificity in that it differentiates between sugars closely 
related chemically; moreover, among insulin-responsive sugars, 1.e. those 
sugars whose entry into cells is facilitated by insulin, competition exists 
for the transfer mechanism. 

Since it was first shown by Gemmill (2, 3) that insulin increases glucose 
uptake and glycogen synthesis by the isolated rat diaphragm, this muscle 
has been extensively studied in vitro in attempts to elucidate the mode of 
insulin action (cf. Krahl (4)). It was therefore of interest to attempt to 
determine whether the effect of insulin to increase glucose uptake in this 
tissue may be explained in terms of the insulin-activated transfer mech- 
anism postulated by Levine and Goldstein. To study the effect of insulin 
upon the sugar transfer mechanism in the diaphragm, independent of 
secondary effects involved in the cellular metabolism of glucose, we have 
studied galactose transfer, since it has been reported that galactose is not 
significantly metabolized by muscle (1). In the present paper, we report 
the results of studies concerning the permeability of galactose in the cells 


* This investigation was aided in part by the Research and Development Board, 
Office of the Surgeon General, Department of the Army, under contract No. 
DA-49-007-MD-546. Portion of this thesis was submitted by O. Resnick to the De- 
partment of Biology, Graduate School of Boston University, in partial fulfilment of 
the requirements for the degree of Doctor of Philosophy. 
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of diaphragm muscle in both the presence and the absence of insulin, and 
the influence of various factors upon galactose permeability in this system, 


Methods 


General—Male albino rats (a Sprague-Dawley strain obtained from the 
Charles River Breeding Laboratories, Inc., Cambridge), fasted for 24 
hours, were used for these experiments. Although most of the experiments 
were carried out with rats weighing between 100 and 150 gm., no significant 
differences were observed in the permeability of galactose in diaphragms 
from rats weighing between 100 and 200 gm. Upon decapitation of un- 
anesthetized animals, the diaphragms were rapidly removed, washed 
briefly with buffer medium, trimmed, and sectioned into hemidiaphragms. 
Unless otherwise stated, muscles were not preincubated in chilled medium. 
To measure galactose entry the muscle strips were incubated in a Warburg 
apparatus in 2.0 ml. of Krebs-Ringer phosphate (KRP) buffer medium (pH 
7.4) containing galactose-1-C™ (gas phase, 100 per cent O,) with shaking 
(120 cycles per minute; amplitude 4 cm.) and the galactose content of 
muscle was determined after varying intervals of time. In these experi- 
ments, one hemidiaphragm was incubated with insulin, and the other from 
the same rat served as the control. 

Galactose—p-Galactose-1-C™ of specific activity, 2.94 uc. per mg. per 
minute,’ was diluted with twice recrystallized c.p. p-galactose, so that 
its specific activity ranged from 10 to 7.5 XK 10‘ c.p.m. per mg. as determined 
bya gas flowcounter. The galactose sample was shown to be homogeneous, 
both with respect to radioactivity and to reducing power, in the paper 
chromatography system of McFarren et al. (5). 

Insulin—Two insulin preparations (Lilly) were employed:? (a) crystal- 
line zinc insulin assaying 27 units per mg. and (b) hyperglycemic factor- 
free insulin (Lilly lot No. 499667) assaying 25 units per mg. Identical re- 
sults were obtained with both preparations; thus, the results to be pre- 
sented are not complicated by the possible presence of glucagon. Insulin 
was studied at a single final concentration of 0.27 unit per ml. of incuba- 
tion medium. 

Measurement of Galactose Content of Muscle—Following incubation with 
galactose-1-C, the tissue was removed, blotted between filter paper in a 
standardized manner, and rapidly weighed on a torsion balance. The ga- 
lactose present in the muscle was extracted by transferring the muscle 
to a tube containing 1.0 ml. of distilled water and boiling for 10 minutes. 
The cooled aqueous extract of the muscle was then filtered through washed 


1 The p-galactose-1-C"™ was obtained from H. S. Isbell, National Bureau of Stand- 


ards. 
? The insulin preparations were generously contributed by Eli Lilly and Company. 
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glass wool, and 0.10 ml. aliquots were placed on a planchet and counted in 
triplicate on a gas flow counter. Corrections were made for the self- 
absorption produced by the water-soluble extractives of muscle. 

After complete homogenization of the boiled tissue in a ground glass 
tube with alumina as grinding agent, no additional radioactivity could be 
extracted by water. Thus, the procedure used extracts the C'*-galactose 
quantitatively. In a series of experiments, the galactose content of incu- 
bated diaphragms was determined both by measurements of radioactivity 


I 
Galactose Balance Studies on Diaphragm Muscle Incubated with C'-Galactose* 
Experiment No. C.p.m. X 108 

1. No insulin Initial medium 100.3 
Medium after incubation{ 78.0 
In tissue, 80 mg.{ 6.1 

C#0.§ <0.14 
Total recovery............. 84% 
2. With insulin Initial medium 100.3 
Medium after incubation{ 82.0 
In tissue, 92 mg.t 6.4 

<0.14 
Total recovery............. 88% 


Incubation at 38° for 60 minutes in 1 ml. of KRP containing 1 mg. of galactose- 
1-C, 

t Corrected for self-absorption. 

t Only a single zone of radioactivity detected by paper chromatography (5) of 
mobility equivalent to galactose. 

§ Determined by the method of Villee and Hastings (7). 


and chemically by a reduction method. Essentially similar results were 
obtained ; in general, measurements in radioactivity were more accurate and 
less variable as determined on triplicate analysis. 

Balance Studies—In eviscerated, nephrectomized animals (essentially a 
muscle preparation), it has been reported (1, 6) that galactose was not 
significantly metabolized. These findings were confirmed by a demonstra- 
tion that the galactose which enters the diaphragm muscle remains essen- 
tially unmodified. Table I shows the results of balance studies on muscle 
incubated with C™-galactose for 1 hour; it will be seen that the CO; pro- 
duced during the incubation period did not contain detectable C™, and that 
the radioactivity extractable from muscle appears as a single radioactive 
zone of mobility identical to galactose in the paper chromatography sys- 
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tem of McFarren et al. (5). If galactose had been converted to some other 
compound of different mobility (e.g. as galactose-6-phosphate or glycogen) 
to the extent of 5 per cent, this would have been detected by the chromato- 
graphic technique employed. This is strong evidence that galactose which 
enters the rat diaphragm muscle is not irreversibly altered. It should be 
noted that only about one-third of the galactose which leaves the medium 
is accounted for in the tissues. Since the CO, and chromatographic 
analyses indicate that C'*-galactose is not detectably metabolized, it may 
be assumed that the amount lost is on the filter paper used for blotting of 
tissues. 

Determination of Extracellular Space in Isolated Diaphragm Muscle by 
Means of Inulin—The galactose in incubated muscle is distributed in the 
extracellular space of diaphragm muscle as well as within the cells. To 
correct for the galactose present in the extracellular compartment of tis- 
sues blotted in a standardized manner, we have assumed that the space 
occupied by inulin is equivalent to extracellular galactose. The ‘‘inulin 
space”? thus measured is an operationally defined value obtained after 
standardized blotting and should not be regarded as the actual extracellu- 
lar space. The inulin space was determined by incubating diaphragm 
with from 200 to 1000 mg. per cent inulin (Fischer Scientific Company) 
for variable intervals of time. The tissue was then blotted, weighed, and 
boiled in a known volume of H,O for 10 minutes. The resulting aqueous 
extract was then deproteinized by means of CdSO, and NaOH, centrifuged, 
and an aliquot analyzed for inulin content by means of the colorimetric 
method of Schreiner (8). As with C'‘-galactose, it could be shown that the 
boiling water procedure employed quantitatively extracted the inulin, 
since subsequent homogenization of the boiled muscle tissue yielded no 
additional inulin. The ‘“‘inulin-space” of diaphragm muscle, incubated 
under our conditions at 38° after blotting, was found to be 0.20 + 0.01 
ml. per gm. of tissue (wet weight); this value was achieved at 30 minutes, 
and further incubation in inulin for 60 or 90 minutes did not alter the 
inulin space. 

Results 
Galactose Transfer in Presence of Concentration Gradient 


To measure galactose entry into diaphragm, hemidiaphragms were trans- 
ferred, without prior incubation in chilled medium, to Warburg flasks con- 
taining KRP with and without added insulin, and gassed for 5 minutes with 
O:2, before galactose was tipped in. After 15, 30, and 60 minutes of incuba- 
tion with C'*-galactose (1 mg. per ml.) at 38°, muscles were removed and 
their galactose content determined. In another series, the inulin space of 
diaphragm muscles, similarly incubated, was determined in both the pres- 
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ence and the absence of added insulin. These results are presented in 
Table IT. 

Since galactose is not detectably metabolized by diaphragm muscle 
under our conditions, the total tissue volume available for galactose dis- 
tribution as a first approximation is represented by the total water of the 
tissue. In 86 determinations, the average dry weight of diaphragm incu- 
bated for 30 to 90 minutes in KRP was found to be 24 per cent of the wet 
weight (range 19 to 27 per cent) ; thus, about 76 per cent of the wet weight, 
or a volume of 0.76 ml. per gm. of muscle, is available for equilibration with 
the medium. 


TABLE II 


Galactose Uptake by Cells of Diaphragm Muscle Incubated in Medium 
Containing 100 Mg. Per Cent of Galactose-1-C™ at 38° 


No insulin Insulin 
Time of 
incuba- Intra- Intra- 
| Galactose content | Inulin space | Galactose content | Inulin space __|¢llular 
tose 
min. mg. per gm. ml. per gm. or mg. per gm. ml. per gm. ta ! 
15 0.43 0.16 0.48 0.55 0.16 0.70 
+ 0.02* (5) +0.01 (4) + 0.03 (5) +0.01 (4) 
30 0.58 0.20 0.68 0.71 0.20 0.91 
+0.01 (15) | (6) + 0.02 (15) | +0.01 (16) 
60 0.70 0.20 0.90 0.74 0.20 0.96 
+0.01 (9) +0.01 (6) + 0.02 (9) +0.01 (6) 


The figures in parentheses represent the number of experiments. 
* Standard error. 


It will be seen from Table II that galactose enters the cells in the absence 
as well as in the presence of insulin. The values obtained after 60 min- 
utes of incubation approach the theoretical value to be expected if galac- 
tose is equally distributed in the extracellular and cellular water. Insulin, 
however, accelerates the rate of entry so that substantially all the sugar 
has been taken up at 30 minutes, whereas, in the absence of insulin, this 
has not as yet occurred at 60 minutes of incubation. 

The data may be treated kinetically, according to the defining equation 
given by Solomon (9). 


in which Q is the amount of galactose in the cells (mg.), p the galactose 
concentration in the medium (mg. per ml. of medium), q the galactose 
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concentration in the cells (mg. per ml. of cell water), and ¢ is time (hours); 
k, and k_, are transfer coefficients (expressed in the units of ml. of medium 
per hour and ml. of cell water per hour), respectively. In this system, 
k, must be equal to k_;, and it is thus possible to calculate the amount of 
galactose entering the cells per gm. of tissue per unit of time by determin- 
ing either the entry (k;) or the exit (k_;) coefficient.? The solution of Equa- 
tion 1 becomes 


(2) In (1 — 9/qu) = —k-1 t/v¢ 


where v, is the volume of the cell water in ml. 

Under our conditions, v, (the total tissue water minus inulin space) is 
0.56 ml. per gm. of diaphragm (wet weight) and may be considered con- 
stant, since the inulin space and the ratio of dry to wet weight of diaphragms 
did not change over a period of 90 minutes of incubation in the absence or 
the presence of added insulin. By plotting In(1 — q/q,,) against time, it 
is possible to obtain k_:/v, from the slope of the straight line, which is 
negative, and thus to determine the effect of insulin on the process; k_;/», 
is the fraction of the intracellular galactose that leaves the cell per hour. 
The expressions in k, (the entry coefficient) are analogous. 

In the absence and the presence of added insulin, k_;/v, is 2.29 and 4.82, 
respectively. Since the galactose concentration in the medium is 1 mg. 
per ml. and the cell water is 0.56 ml. per gm., these values are equivalent 
to the transfer of galactose, with respect to both cellular exit and entry, at 
rates equivalent to 1.28 and 2.70 mg. of galactose per gm. of tissue (wet 
weight) per hour. Under these conditions of incubation, insulin increases 
the rate of galactose transfer 111 per cent and the absolute increase is 1.4 
mg. per gm. of diaphragm per hour of incubation. 


Galactose Transfer in Absence of Concentration Gradient 


To determine the influence of insulin upon galactose transfer in the ab- 
sence of a difference in concentration gradient, hemidiaphragms were first 
incubated in 2 ml. of KRP containing 1 mg. per ml. of non-radioactive 
galactose at 38° for 60 minutes, in the presence and absence of insulin, in 
order to accumulate galactose. The hemidiaphragms were then trans- 
ferred to 2 ml. of fresh medium containing C'-galactose, but otherwise of 


3 The following assumptions are implicit in the above treatment. There is only a 
single effective barrier between the intracellular and extracellular space, and the 
galactose trapped within this barrier is negligible in amount compared with that in 
compartments p and g. Each compartment is considered to be well stirred and uni- 
form at all times. The presence of radioactivity does not affect the system in any 
way, and the radioactive galactose behaves in all respects like non-radioactive galac- 
tose. Finally, k:, k_1, vq, and po are considered to be constant throughout the experi- 
ment. 
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identical composition. The uptake of C'*-galactose was next measured 
after 15 and 30 minutes of incubation (Table III). 

The data in Table III may be treated kinetically by an equation similar 
to that of Equation 2. Though the total galactose concentration of the 
system remains constant, there is a concentration gradient of the C'4-galac- 
tose between medium and cells. In this case, the specific activity of the 
cellular galactose increases until it equilibrates with the specific activity of 
the extracellular galactose. 

The values of k_,/v, are 4.24 and 7.82 in the absence and the presence of 
insulin, respectively, which are equivalent to rates of entry of 2.37 and 


TaBLeE III 
Effect of Preincubation of Diaphragm in Non-Radioactive Galactose 
for 60 Minutes, upon Subsequent Uptake of C'4-Galactose* 


No insulin Insulin 
Time of 
‘acubati Intra- Intra- 
C™-Galactose content — C4.Galactose content 
tose tose 
min. mg. per gm. ml. per gm. | mg. per gm. ml. per gm. 
15 0.55+0.02t (4) (0.18 (2)| 0.66 | 0.66+0.02 (4)10.18 0.86 
30 0.69+0.01 (6) 0.20 (3)| 0.88 | 0.75+ 0.01 (6)/0.20 (3)} 0.98 


The figures in parentheses represent the number of animals. 

* Hemidiaphragms incubated for 60 minutes in KRP containing 1 mg. per ml. of 
galactose (non-radioactive) prior to transfer to fresh KRP containing C'-galactose; 
temperature 38°; gas phase Oz. 

t Standard error of the mean. 


4.38 mg. per gm. of tissue per hour of incubation. Preincubation of a 
tissue with galactose for 60 minutes thus increases the subsequent entry of 
C'-galactose, in the absence of insulin, almost 2-fold, as compared to 
tissues studied without preincubation, while the insulin effect appears to 
remain relatively constant. The net effect of insulin under these conditions 
of preincubation is to increase the flux of galactose by 2.0 mg. per gm. per 
hour of incubation. 


Effect of Temperature upon Galactose Entry into Muscle Cells with 
and without Added Insulin 


To determine, in preliminary fashion, the temperature characteristics 
of the insulin effect, freshly removed hemidiaphragms were incubated with 
galactose in KRP at temperatures ranging from 0—38° in the presence and 
the absence of added insulin. In these experiments, a single period of 
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incubation (30 minutes) was selected because at this period a clear cut 
insulin effect on galactose entry is detected at 38°. Under similar condi- 
tions, the inulin space was determined in other hemidiaphragms, so that 


TABLE IV 


Galactose Entry into Muscle Cells at Varying Temperatures 
of Incubation (80 Minutes) 


Intracellula 
Galactose uptake Inulin space 
inselin 
No insulin Insulin No insulin | Insulin | , NO. | Insulin 
°C. | mg. per gm. per 30 min.| mg. per gm. per 30 min. | ml. per gm.| ml. per gm. 
0 | 0.25242 0.01* (3) |0.252+20.01 (3) (0.11 (4)}0.11 (4)| 0.14 | 0.14] 0 
10 | 0.40+0.01 (8) | 0.4020.02 (8) (0.14 (8)/0.14 (3)| 0.26 | 0.26) 0 
15 | 0.41240.03 (8) | 0.452+0.02 (8) (0.15 (2)10.15 (2)| 0.26 | 0.30 | 0.04 
20 |0.442+0.01 (8) | 0.542+0.01 (8) 10.15 (2)/0.15 0.29 | 0.39 | 0.10 
25 |0.492+0.01 (11)} 0.62+0.01 (11)/10.16 (3)/0.16 0.33 | 0.46 | 0.13 
38 |0.582+0.01 (15)| 0.71 240.02 (15)}0.20 (6)/0.20 0.38 | 0.51 | 0.13 


The figures in parentheses represent the number of experiments. 
* Standard error. 


TABLE V 


Inability of Insulin ‘‘Bound’”’ to Diaphragm to Act upon Galactose Entry 
at Low Temperatures 


Temperature of Temperature of Galactose uptake, mg. per gm. per 30 min. 
preincubation with incubation with 
insulin® C™-galactoset No insulin Insulin 
24 0 0.34 + 0.01} (4) 0.33 40.01 (4) 
38 10 0.442+0.01 (4) 0.438 + 0.02 (4) 


The figures in parentheses represent the number of experiments. 

* Preincubated with insulin in buffer for 15 minutes at the temperature indicated. 
t Transferred to fresh KRP and incubated for 30 minutes with C1*-galactose. 

¢ Standard error. 


galactose entry into cells could be determined (Table IV). It will be seen 
that the effect of insulin upon galactose transfer into muscle cells exhibits a 
peculiar temperature dependence; between 0—10°, insulin has no action, 
above 20° insulin action appears to be maximal, and only in the tempera- 
ture range between 10-20° is there a clear effect of temperature upon the 
insulin effect. In marked contrast, galactose entry in the absence of 
insulin is minimally affected by temperature; the increase in sugar entry 
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associated with increase in temperature is of the order which might be 
expected from a simple diffusion process. 

The surprising relationship of the insulin effect to temperature raised 
the possibility that the binding of insulin by diaphragm muscle, thought to 
be an important aspect of insulin action (cf. Stadie (10)), might not occur 
at 0-10°. That this is not a likely explanation for the lack of effect of 
insulin upon galactose transport at low temperatures was shown by pre- 
incubating hemidiaphragms with insulin for 15 minutes at 24—38° and dem- 
onstrating that insulin had no effect in the subsequent incubation in KRP 
plus C'4-galactose for 30 minutes at either 0° or 10°. The results obtained 
are shown in Table V. 


TABLE VI 
Effect of Exogenous Substrate upon Entry of C'4-Galactose at 38° 
| Galactose uptake, mg. per gm. per 30 min. incubation 
Added substrate 
No insulin Insulin 
0.58 + 0.01* (15) 0.71 +0.02 (15) 
Glucose, 100 mg. %............. 0.59 + 0.02 (4) 0.67 + 0.02 (4) 


The figures in parentheses represent the number of experiments. 
* Standard error. 


Effect of Exogenous Energy Sources upon Galactose Entry 


Maintenance of the cell barrier to the free entry of galactose might 
possess an energy requirement which was inadequately satisfied by endoge- 
nous metabolism. If this were so, the barrier might become progressively 
“leaky,” and galactose entry into cells in the absence of insulin would be 
abnormally high in relation to an “intact” barrier which might be operative 
in the presence of an adequate energy supply. Galactose-1-C' entry was 
therefore studied in the presence and the absence of added insulin, in nor- 
mal KRP, and in KRP containing 100 mg. per cent of non-labeled glucose. 
The effect of incubating freshly prepared diaphragm muscle for 30 minutes 
in KRP containing C'-galactose, with and without insulin and in the 
presence and the absence of added glucose, is shown in Table VI. It will 
be seen that the addition of glucose had no significant influence upon entry 
of galactose in the absence of insulin. This suggests that the effectiveness 
of the cell barrier to the free entry of galactose into the cells of diaphragm 
muscle is not influenced by the addition of exogenous substrate in these short 
term experiments. The tendency for glucose to reduce the galactose-1-C™ 
uptake in the presence of insulin is of such a small magnitude that further 
studies on a kinetic basis are necessary before the significance of this ob- 
servation can be evaluated. 
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Effect of Varying Ionic Composition of Medium 


To determine whether the ionic composition of the medium had a marked 
influence upon galactose uptake by muscle diaphragm, either in the pres- 


TaBLeE VII 


Effects of Insulin on Galactose Uptake by Isolated Diaphragms in Media 
of Varying Ionic Composition at 25° 


Galactose uptake, mg. per gm. wet weight per 30 ie 
In KRP lac 
In KRP + C™-galactose insulin (6.27 pee ml} 

Ca 0.51 (3) 0.64 (3) 
K 0.46 (3) 0.65 (3) 
Mg and Ca absent.............. 0.46 (3) 0.67 (3) 


* KRP medium, made up by omitting respective ion and replacing it with Nat. 
t Number of experiments. 


TaBLeE VIII 


Effect of Inhibitors upon Galactose Uptake in Presence and Absence 
of Insulin at $8° 


Inhibitor mg. per 
| gm. per 
KRP + galactose KRP + galactose + insulin} 30 min. 

M 
0.58 + 0.01f (15) | 0.71240.02 (15) 0.13 
2X 10-5 0.56 + 0.03 (8) 0.65 + 0.02 (8) 0.09 
2 X 10-4 0.59 + 0.02 (4) 0.59 + 0.02 (4) 0.00 
10-4 0.59 + 0.04 (5) 0.71+0.04 (5) 0.12 
10-3 0.59 +0.01 (7) 0.63 + 0.02 (7) 0.04 
10-4 0.56 + 0.04 (5) 0.76 +0.02 (5) 0.20 
10-3 0.52242 0.04 (3) 0.644 0.02 (3) 0.12 
NalAA........... 2X 10-¢ 0.6124 0.01 (4) 0.65 + 0.03 (4) 0.04 
2X 10-3 0.6124 0.02 (4) 0.60 + 0.02 (4) —0.01 


The figures in parentheses represent the number of experiments. | 

*DNP = dinitrophenol, DNN = dinitronaphthol, NaCN = sodium cyanide, 
NalAA = sodium iodoacetate, and NaF = sodium fluoride. 

¢t Standard error. 


ence or the absence of insulin, the effect of removing individual ions from 
the KRP was studied (Table VII). It will be seen that the removal of 
either K+, Ca++, or Mgt, or the combination of Mgt+* plus Cat’, had no 
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significant influence upon the galactose entry, with or without added 


Effect of Inhibitors upon Galactose Entry 


The effect of various inhibitors upon galactose transfer, in both the pres- 
ence and the absence of insulin, is shown in Table VIII. The results dem- 
onstrate that galactose entry, in the absence of insulin, is not markedly in- 
fluenced by 2,4-dinitrophenol (2 10~‘), 2,4-dinitronaphthol (2 
mM), cyanide (1 X 10-*m tol X 10-‘M), fluoride (10-* to 10-4 m), and iodo- 
acetate (2 X 10-* to 10-* m). Contrariwise, the effect of insulin to facili- 
tate galactose transfer is completely abolished by dinitrophenol and dini- 
tronaphthol at 2 XK 10-* m, and iodoacetate at 2 K 10°? m. Cyanide 
(10-3 m) partially reduces the insulin effect, whereas fluoride (10-* m) had 
no effect. 


DISCUSSION 


These studies in vitro have revealed that the entry of galactose into the 
cells of the isolated diaphragm muscle is limited by a barrier (probably 
the cell membrane) and that there are at least two processes whereby 
galactose can penetrate this barrier. One process, operative in the absence 
of added insulin, has the temperature characteristics of a simple dif- 
fusion process and is relatively insensitive to enzyme inhibitors which 
interfere with cellular energetics. The other, which is insulin-dependent, 
is abolished by inhibitors such as dinitrophenol, dinitronaphthol, cyanide, 
and iodoacetate, but not by fluoride, and exhibits a peculiar temperature 
dependence. If it is assumed that the temperature characteristics re- 
flect the energy requirements of the system, then below 10° the energy re- 
quirement of the insulin-dependent process is apparently unsatisfied, above 
20°, the energy requirement does not appear to be limiting, and only in the 
temperature range of 10-20° does the energy derived from endogenous 
metabolism act as a rate-limiting step in the over-all process of sugar 
entry. Whether insulin is present or absent, the primary driving force for 
the process of galactose entry into cells appears to be the concentration 
gradient. There is no evidence from these studies that intracellular 
galactose is accumulated against a concentration gradient. 

The barrier to the free entry of galactose exhibits only minimal or no 
energy requirements in these short term experiments. Thus, addition of an 
exogenous source of energy like glucose did not increase the effectiveness of 
the barrier to C'*-galactose, nor do inhibitors like cyanide or dinitrophenol 
modify the barrier in experiments involving sugar entry into diaphragm 
muscle in a 30 minute period of incubation. Nevertheless, the mem- 
brane barrier is not completely a static structural unit, as indicated by the 
finding that incubation of muscle for 60 minutes in the absence of exogenous 


insulin. | 
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substrate increases galactose entry in the absence of insulin. Whether this 
decay of the barrier is an expression of the exhaustion of sources of exoge- 
nous energy or is due primarily to other factors remains to be determined, 

From the kinetic studies it may be calculated that, in the absence of 
insulin, the rate of entry of galactose into the cells of fresh rat diaphragm 
muscle is about 1.3 mg. per gm. of tissue per hour, and that this is increased 
to 2.4 mg. per gm. per hour by 60 minutes preincubation in the absence of 
exogenous substrate. Despite variations in entry of sugar in the absence 
of insulin, the increase in entry of galactose produced by insulin was found 
to be relatively constant, 1.4 and 2.0 mg. per gm. per hour (without and 
with preincubation, respectively). It is of interest to consider these values 
for flux of galactose in relation to glucose uptake by isolated diaphragm. 
In contrast to galactose, any glucose which enters the muscle cell is removed 
via metabolic sequences, so that a continuous difference in concentration 
gradient exists between cells and medium. If the rates of entry of galac- 
tose and glucose into cells are of the same order of magnitude, then the rate 
of glucose uptake by diaphragms, in both the presence and the absence of 
added insulin, should be of the same order as the values of galactose entry 
obtained in this study. While the magnitude of glucose uptake by di- 
aphragm muscle and the influence of insulin thereon are known to be 
dependent upon a number of factors, including conditions of preincubation, 
length of incubation period, and the glucose concentration of the medium 
(4), a summary of the literature (7, 11-19) reveals that the glucose uptake 
of diaphragms incubated with 100 to 200 mg. per cent glucose for 1 hour 
or more ranges from 1.5 to 2.7 mg. per gm. per hour in the absence of insu- 
lin, and that insulin increases glucose uptake over the control rate by 0.7 
to 1.8 mg. per gm. per hour. While it is appreciated that the transfer co- 
efficients obtained with galactose need not be precisely equivalent to that 
of glucose, the fact that in both the presence and the absence of insulin 
the values of glucose uptake reported in the literature are of the same mag- 
nitude as the values of galactose entry determined in this study is 
consistent with the thesis that entry of sugar into cells is the rate-limiting 
event in glucose metabolism of isolated muscle of rat diaphragm and that 
the effect of insulin to increase the metabolism of glucose in this tissue is 
the result of accelerated sugar entry into cells. 

There remains to be considered the question of whether the observed 
findings on entry of galactose in isolated diaphragm are in accord with 
other investigations. Whereas in our studies galactose enters the cells 
in the absence of insulin, so that the sugar is almost completely equilibrated 
between medium and tissue by 1 hour, in vivo, in the eviscerated, nephrec- 
tomized animal (1), or in vitro in the isolated hind limb perfused with blood 
(20), entry of galactose into cells occurs at a barely detectable rate. These 
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findings indicate that the limiting barrier to entry of galactose into cells 
demonstrable in isolated diaphragm muscle is a very ‘“‘leaky”’ barrier, com- 
pared to the cellular membranes in more complex systems such as the 
eviscerated nephrectomized preparation or the perfused isolated hind limb. 
Comparative analysis of our data with those of Haft et al. (11) and Demis 
and Rothstein (12), who have also studied galactose uptake by isolated 
rat diaphragm, reveals qualitative agreement in that in all the studies, 
galactose enters the cells at significant rates in the absence of added insu- 
lin, and that insulin accelerates the uptake of this sugar. Each laboratory, 
however, has obtained quantitatively dissimilar values for the rate of 
galactose uptake in the absence and the presence of added insulin. Part 
of the difference may be owing to the fact that we measured the appear- 
ance of galactose in the tissues, whereas the other groups measured galac- 
tose disappearance from the medium; it will be recalled from our studies 
on galactose balance that values obtained by the use of these two pro- 
cedures are not necessarily equivalent. However, since the data of Haft 
et al. are in turn different from those of Demis and Rothstein, who used 
essentially comparable techniques, it appears that some other factor, not 
controlled, is operative in experiments in vitro with diaphragm muscle. 
Whether this involves differences in strains of rats, in handling of tissues 
prior to incubation, or some other factor, is not known. 


SUMMARY 


The rate of entry of galactose-1-C™ into the cells of rat diaphragm 
muscle has been studied in the presence and the absence of added insulin 
under a number of conditions. It has been shown that two processes are 
involved in the entry of galactose into the cells, one insulin-independent, 
the other insulin-dependent. Some of the characteristics of both processes 
are described. The significance of these findings concerning sugar per- 
meability to muscle cells has been discussed in relation to the known in- 
fluence of insulin upon glucose uptake by diaphragm. 


We wish to thank Dr. Arthur K. Solomon, Department of Biophysics, 
Harvard Medical School, for invaluable help in deriving the kinetic equa- 
tions utilized in this study, for his stimulating discussion, and for his 
critical review of the manuscript. 
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EFFECT OF INSULIN IN VITRO ON PATHWAYS OF 
GLUCOSE UTILIZATION, OTHER THAN 
EMBDEN-MEYERHOF, IN RAT 
MAMMARY GLAND* 


By S. ABRAHAM, P. CADY, anp I. L. CHAIKOFF 


(From the Department of Physiology of the University of California 
School of Medicine, Berkeley, California) 


(Received for publication, August 8, 1956) 


In a recent report, Felts et al. (1) studied the metabolism of glucose-1-C'* 
and 6-C"4 by the livers of diabetic and insulin-treated diabetic rats. From 
the relative conversions of the isotope of these two labeled hexoses to fatty 
acids, these workers estimated the fractions of the fatty acid-C" that arose 
via the Embden-Meyerhof (EM) and alternative pathways. The con- 
clusion was drawn that the increased fatty acid-C™ recoveries induced by 
the hormone injections arose via the phosphogluconate oxidation (PGO) 
pathway as well as via the Embden-Meyerhof pathway. 

In the present experiments, we sought to learn whether an effect of insu- 
lin in vitro could be demonstrated on a non-EM pathway of glucose me- 
tabolism, and we selected the lactating mammary gland because (a) it 
has a high capacity for glucose utilization; (b) a large fraction of the glu- 
cose it utilizes proceeds by a direct oxidative pathway (2); and (c) slices 
of this tissue respond to the direct addition of insulin to the incubation 
medium by an increased production of fatty acids from glucose (3). 


EXPERIMENTAL 


Substrates—Glucose-3 ,4-C' and glucose-6-C'’ were prepared in this 
laboratory as described previously (4-6). Glucose-1-C™ was purchased 
from the National Bureau of Standards. All hexoses were shown to be 
chromatographically pure (7) and to contain the isotope in the designated 
position. Glucose-3 ,4-C'* was degraded by a chemical procedure (4), and 
glucose-1-C'* and -6-C™ by fermentation with Leuconostoc mesenteroides 
(8). 

The crystalline zinc insulin used was free from glucagon and contained 
22.64 units per mg. It was dissolved in water (5 mg. per 50 ml.) just be- 
fore each experiment, and added directly to the medium of the appropriate 
incubation flasks. We are indebted to Eli Lilly and Company for supply- 
ing us with the insulin. 


* This work was supported by a contract from the United States Atomic Energy 
Commission and by a grant from Eli Lilly and Company. 
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Incubation Procedure—The mammary glands were excised from lactat- 
ing Long-Evans rats, 10 to 14 days postpartum, that had been fed an ade- 
quate stock diet (2). Slices of the gland were prepared freehand and in. 
cubated as described elsewhere (9). 

Analytical Procedure—The methods for the collection and determina- 
tion of C“O, have been reported elsewhere (10). The long chain, C-fatty 
‘acids were isolated and assayed as described earlier (2). 

Chromatographic Procedure—In the experiment in which the chromato- 
graphic patterns of the water-soluble compounds were studied, 5 umoles 
each of glucose-1-C™ and glueose-6-C™ were incubated with 500 mg. of 
tissue slices. The details of the incubation procedure are given by Katz 
and Chaikoff (11) and in Table III. At the end of the experiment, the 
medium, plus mammary gland slices, was centrifuged, and the clear super- 
natant solution was transferred, with the aid of suction and a capillary 
pipette, to a 10 ml. volumetric flask. The residue, consisting of tissue 
slices, was broken up with a stirring rod and extracted with 1 ml. of hot 
water. The mixture was centrifuged, and the washings were transferred 
to the same volumetric flask. Three to four such washings served to ex- 
tract all of the water-soluble C™ from the tissue fragments. Aliquots of 
this water-soluble fraction were made alkaline to phenolphthalein, and 
their C“ content was determined after the manner described by Entenman 
et al. (10). Other aliquots were used for determination of the C"*-glucose 
that remained in the incubation mixture at the end of the run; for this 
purpose we made use of the chromatographic procedure described by Katz 
and Chaikoff (11). The solution of the water-soluble C™“ was electrodi- 
alyzed, carefully neutralized to phenol red, and evaporated to dryness 
in vacuo at room temperature. The residue, dissolved in a minimum of 
water, was applied at a single point on large sheets of Whatman No. 1 filter 
paper, and was chromatographed bidimensionally with a solvent mixture 
consisting of water-saturated phenol in one direction and a mixture of 
butanol, acetic acid, and water (50:11:25) in the other direction. Radio- 
autograms of the filter paper chromatograms were prepared. The glucose 
area on the chromatogram was located by the exact coincidence between 
its C area on the x-ray film and its color spot obtained by lightly spraying 
the filter paper with a few ml. of a benzidine solution. This solution was 
prepared by dissolving 500 mg. of benzidine in a mixture of 20 ml. of acetic 
acid and 80 ml. of 95 per cent ethanol. The filter paper was heated at 
100° for about 10 minutes to develop the color. The entire chromatogram 
was scanned for C"™ activity with a Geiger tube (12), and the percentage 
C™ activity of the glucose was determined. From the known activity in 
the original aliquot, the activity of the residual glucose can be expressed 
as a percentage of the C glucose added to the incubation flask. 
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TaBLeE I 


Conversion of Variously Labeled C-Glucoses to CO: and Fatty 
Acid-C' by Mammary Gland Slices (8 Hour Incubation Study) 


500 mg. of mammary gland slices prepared from lactating rats were incubated in 
5.0 ml. of Krebs-Henseleit bicarbonate buffer, pH 7.3 (13), containing 50 uwmoles of 
labeled glucose. 1 unit of glucagon-free insulin (22.64 units per mg.) was added to 
each incubation flask indicated. Gas phase, 95 per cent O2,5 per cent CO:. Incu- 
bation at 37°. Each value reported below is the average of two closely agreeing 
separate determinations. 


Per cent added C™ 


Per cent fatty acid-C™ 


recovered as C™Ox | Tecovered as fatty | oxidative 
Glucose pathway 
Rat No. carbons 
labeled 
No insu- | Insulin | No insu- | Insulin | No insu- | Insulin 
in in added to lin in added to lin in added to 
um | medium | medium | medium | medium | medium 
1 C-1 22.8 38 .4 5.1 10.8 
C-6 2.2 1.2 9.3 19.2 45 44 
2 C-1 15.6 32.5 4.2 7.1 
C-6 3.8 1.5 7.5 10.4 44 32 
3 C-1 19.3 30.8 3.4 8.0 
C-6 2.1 1.4 5.8 16.6 41 52 
4 C-1 22.3 37.9 5.0 10.0 
C-3,4 13.4 19.7 1.5 3.9 
C-6 2.4 1.6 8.6 19.5 42 49 
5 C-1 24.6 32.9 7.4 10.6 
C-3,4 | 14.2 | 15.1 2.0 3.4 
C-6 1.4 1.6 12.8 17.2 42 38 
6 C-1 26.9 32.1 6.1 9.8 
C-3,4 | 18.7 | 19.9 1.9 3.5 
C-6 3.5 1.5 18.7 20.3 67 52 
7 C-1 19.7 39.3 5.9 11.6 
C-6 3.4 2.3 14.1 33.3 58 65 
8 C-1 15.3 35.8 4.3 11.7 
C-6 4.6 3.3 7.0 34.9 39 66 
9 C-1 20.0 37.1 4.1 10.0 
C-6 3.1 2.0 8.2 32.3 50 69 
10 C-1 19.2 33.6 5.2 7.2 
C-6 2.3 2.0 8.9 28 .6 42 74 
11 C-1 16.1 39.3 5.0 9.6 
C-6 2.0 2.5 16.6 32.2 70 70 
12 C-1 14.0 37.5 2.6 7.7 
C-6 2.5 2.2 4.5 14.9 42 48 
13 C-1 19.8 35.8 5.0 9.6 
C-6 2.7 1.8 10.2 23.4 51 59 
14 C-1 19.7 35.2 4.8 11.4 
C-6 3.0 2.0 10.1 23.2 52 50 
15 C-1 20.0 35.6 4.9 9.3 
C-6 2.7 1.9 10.2 23.0 50 60 
Averages........... C-1 19.7 35.6 4.9 9.6 
C-6 2.8 1.9 10.1 23.3 49 55 
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Results tru 


Formation from Glucose-1-C™, Glucose-3 ,4-C™, and Glucose-6-C4— | 48! 
The results obtained with mammary gland slices prepared from fifteen lae- 1 


glu 

TABLE II 

Conversion of of Glucose-1-C™* and -6-C"4 to Fatty Acids in 

by Mammary Gland Slices (Time Study) 6-C 

The incubation procedure was the same as that described in Table I. CO 

P added C P added C™“ Per cent fatty acid-C™ that of 
tion | Glucose as CHOs fatty acids via oxidative Stu 
carbon- of 
labeled 

No insulin |Insulin added} No insulin [Insulin added| No insulin |Insulin added cen 

in medium | to medium | in medium | to medium | in medium | to medium h 

wht 

hrs. ( 

1 C-1 10.2 15.2 2.9 4.6 adi 
C-6 0.8 0.3 8.2 12.8 65 64 

2 C-1 14.9 18.2 4.3 9.4 fro 

C4 2.8 2.3 11.1 18.9 61 50 ] 

3 C-1 19.7 39.3 5.9 11.6 Slu 

C-6 3.4 2.3 14.1 33.3 58 65 con 

glu 

III was 


Effect of Insulin on Actual Amounts of Glucose Utilized by Mammary Gland Slices § the 

500 mg. of mammary gland were incubated with 5 wmoles of labeled glucose for3 — the 
hours. The amounts of glucose left in the flask at the end of the run were determined eac 
by the chromatographic procedure described in the text. 


rec 
Per cent added C™ recovered at end of experiment 

Glucose carbon- | Insulin added to = Glucose found in 
labeled medium flask at end of run P 
COs: Fatty acids* Glucose 
(1) (2) (3) (4) (5) (6) ach 
umoles the 
C-1 0 20.0 3.4 27.7 1.39 _ 
a + 21.6 6.1 11.9 0.60 acl 
C-6 0 12.7 6.3 22.6 1.13 ma 
+ 10.9 10.6 12.6 0.63 It 


* It can be calculated that 46 per cent of the C'4-fatty acids arose via a direct oxi- gla 
dative pathway in the experiment in which no insulin was added to the medium, and COF 
43 per cent when insulin was added to the medium. der 


tating rats are recorded in Table I. In these experiments the incubation | ,,) 
period was 3 hours. Table II shows the results of a time study in which 
separate portions of the mammary tissue from a single rat were incubated 
for 1, 2, and 3 hours. Our earlier finding (2) that CO, yields from glu § °°" 
cose-1-C'* greatly exceed those from glucose-6-C™ is confirmed. This was § ge, 
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true for the experiments in which the incubation period was 3 hours as well 
as for those in which the tissue was incubated for 1 and 2 hours. 

The CO, recoveries from glucose-3,4-C™ were less than those from 
glucose-1-C', but greater than those from glucose-6-C™, 

The addition of insulin to the medium produced a pronounced increase 
in the C'O2 recoveries from glucose-1-C™ but not in those from glucose- 
6-C’, Indeed, in most cases the conversion of the C™ of glucose-6-C™ to 
CO; was reduced by adding insulin to the medium. (Statistical analysis 
of the CO: values obtained in the experiments with glucose-6-C™ by the 
Student ¢ test shows that the average decrease resulting from the addition 
of insulin to the medium is significantly greater than zero at the 0.5 per 
cent level of significance.) Little, if any, increase in CO, yields occurred 
when glucose-3 ,4-C™ served as substrate. 

C4.Fatty Acid Formation from Glucose-1-C', -3,4-C', and -6-C'*—The 
addition of insulin to the buffer augmented the yields of C-fatty acids 
from the three differently labeled glucoses (Tables I and II). 

Determination of Micromoles of Glucose Utilized by Mammary Gland 
Slices during Incubation for 3 Hours—Since lactating mammary glands 
contain lactose, we did not use reducing methods for the determination of 
glucose utilization by this tissue. Instead, a measure of glucose utilization 
was obtained by the chromatographic isolation of glucose that remained in 
the incubation mixture (medium plus water-soluble fraction of slices) at 
the end of the experiment. 5 uwmoles of a labeled hexose were added to 
each flask at the start, and the amounts found at the end of the run are 
recorded in Column 6, Table ITI. 


DISCUSSION 


Since carbons 1 and 6 of glucose do not yield identical amounts of fatty 
acids, it would appear that the EM pathway is not the exclusive route for 
the formation of acetyl coenzyme A precursors of fatty acids in lactating 
mammary gland. It is well known that CO: cannot be fixed into fatty 
acids by way of the EM pathway, but the possibility that such fixation 
may occur via some other pathway in mammary tissue has to be considered. 
It was shown earlier that, when lactate-1-C" is incubated with mammary 
gland slices, no incorporation of isotope into fatty acids occurs, despite 
copious formation of C“O, (2). Thus we may conclude that the C“O, 
derived from carbon 1 or from any other carbon of glucose is not incorpo- 
rated into fatty acids. The exact pathway or pathways for glucose ca- 
tabolism in mammary tissue are not established,' but since the yields of 


‘It is conceivable, as pointed out by Glock et al. (14), that the catabolism of glu- 
cose in this tissue might involve still another alternative pathway, such as direct 
oxidation of carbon 1 of glucose before phosphorylation of the hexose, but a glucose 
dehydrogenase system has so far not been found in this tissue. 
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CO, from glucose-1-C™ far exceeded those from glucose-6-C™, we have car 


assumed that the alternative route for glucose catabolism in lactating mam- wa: 
mary gland is the well described direct, or phosphogluconate oxidation, por 
pathway. The operation of this pathway in lactating mammary gland is " 


supported by the findings of Glock and McLean (15) that, in the rat, this 1-C 
gland contains dehydrogenases that act on glucose-6-phosphate and 6- ent 
phosphogluconate, as well as enzymes capable of utilizing pentose phos- bor 
phate. Further support for the operation of this alternative oxidative 
pathway in rat lactating mammary gland is provided by the two following 
observations (see Table I; (2)) (a) the yields of CO, obtained when glu- 
cose-3 ,4-C™ is incubated with mammary tissue are less than when glu- 
cose-1-C* is the substrate, and (b) the C" of glucose-3 ,4-C" is incorporated 
into fatty acids by lactating rat mammary glands. This latter conversion 
would not occur if the EM scheme were the only pathway for glucose catabolism 
in this tissue. 

It is of particular interest that insulin increased the C"-fatty acid re- iia 
coveries from glucose-3,4-C™. In the EM scheme, this labeled glucose 
yields pyruvate with isotope exclusively in the carboxyl carbon. Since 
the C of lactate-1-C" is not incorporated into fatty acids by mammary 
tissue (2), the stimulation of incorporation of glucose carbons 3 and 4 into 
fatty acids by insulin provides strong evidence that insulin does affect a 
non-EM pathway of glucose catabolism. 

Since the mammary gland does not form free glucose, we can calculate 
the absolute number of micromoles of glucose carbon atom 6 incorporated 
into fatty acids via the EM pathway from the expression 


(G-1-C'*) XK (micromoles of added glucose) 


and of those converted to fatty acids by a direct oxidative pathway by the 


expression 
[(G-6-C'4) — (G-1-C")] & (micromoles of added glucose) — 
A 
where G-1-C™ and G-6-C™ represent the percentages of the C™ converted Silas 
to fatty acids, respectively. The values obtained from such calculations 
are given in Table IV. Tal 
The addition of insulin to the incubation medium increased the amount the 


of glucose carbon atom 6 converted to fatty acids from 2.4 to 4.9 umoles rap 
via the EM pathway, and from 2.7 to 6.8 umoles via the alternative oxi- pat 
dative pathway (average of fifteen experiments). dec 

It was stated previously (2) that the fraction of the C'-fatty acids that Ins 
arose via the PGO pathway is given by (G-6-C™") — (G-1-C™)/(G-6-C") X hor 
100. Calculated values for the percentages of the fatty acid-C™ which 2-C 
arose by way of the direct oxidative pathway are given in the last two alle 
columns of Table I. Even though insulin did stimulate the amount of shc 
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carbon atom 6 of glucose converted to fatty acids via the alternative path- 
way, the hormone seemed to have no consistent effect on the relative pro- 
portions of fatty acid derived via the EM and PGO pathways. 

The difference in the effects of insulin on the CQO, yields from glucose- 
1-C' and -6-C™ would at first glance suggest that the hormone had prefer- 
entially stimulated the alternative oxidative pathway. But this is not 
borne out by the data on fatty acid (see the seventh and eighth columns, 


TaBLeE IV 


Effect of Insulin on Micromolar Conversion of Carbon 6 of 
Glucose to Fatty Acids by Rat Mammary Gland Slices 


Carbon 6 of glucose converted to fatty acids by 

Rat No. Embden-Meyerhof pathway Direct oxidative pathway 
Without insulin With insulin Without insulin With insulin 

pmoles mmoles umoles umoles 

1 2.5 5.4 2.1 4.2 

2 2.1 3.6 1.6 1.7 

3 1.7 4.0 1.2 4.3 

4 2.5 5.0 1.8 4.8 

5 3.7 5.3 2.7 3.3 

6 3.1 4.9 6.4 5.3 

7 3.0 5.8 4.1 10.9 

8 2.2 5.9 2.4 11.6 

9 2.1 5.0 2.1 11.2 

10 2.6 3.7 1.9 10.6 

1 2.5 4.8 5.8 10.8 

12 1.3 3.9 1.0 3.6 

13 2.5 4.8 2.6 6.9 

14 2.4 4.2 2.7 5.7 

15 2.5 4.2 2.7 6.9 

Average........ 2.4 4.7 2.7 6.8 


Table I). This seeming discrepancy could be explained by several factors, 
the most obvious being that CO, is formed from carbon 1 of glucose more 
rapidly via the direct oxidative pathway than via the EM-Krebs cycle 
pathway. Another factor concerns the fate of carbon 6 of glucose. The 
decrease in CO, yields from glucose-6-C™, induced by the addition of 
insulin to the incubation medium, is reminiscent of a similar effect of the 
hormone observed by Felts e¢ al. (16, 17) in experiments in which acetate- 
2-C™ and lactate-3-C™ were incubated with liver slices prepared from 
alloxan-diabetic rats and insulin-treated diabetic rats. These workers 
showed that the insulin greatly increased the conversion of the isotopic 
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carbons to fatty acids and at the same time decreased their conversion to 
CO. It was concluded that insulin shifted the fate of the 2-carbon unit 
from an oxidative fate to one involving synthesis. 


SUMMARY 


1. Slices of mammary tissue prepared from lactating rats were incubated 
with glucose-1-C, -3,4-C'*, and -6-C“. The incorporation of the C™ into 
CO, and fatty acids was measured. 

2. The direct addition of insulin to the incubation medium caused a pro- 
nounced stimulation in the production of CO, from glucose-1-C“. The 
hormone had little or no effect on CO, production from glucose-3 ,4-C", 
In most cases insulin decreased the C'“QOz yields from glucose-6-C". 

3. Insulin also augmented the yields of C™ fatty acids from glucose- 
3,4-C" as well as from glucose-1-C™ and -6-C". The conversion of glu- 
cose carbons 3 and 4 could occur only via a pathway other than that repre- 
sented by the Embden-Meyerhof scheme of glycolysis. 

4. It was calculated that insulin, in vitro, had increased the conversion 
of glucose carbon 6 to fatty acids from 2.4 to 4.9 ymoles via the Embden- 
Meyerhof pathway, and from 2.7 to 6.8 uwmoles via an alternative path- 
way. But the relative proportions of the glucose-derived fatty acids 
formed via the Embden-Meyerhof and alternative pathways were not sig- 
nificantly changed by the addition of insulin to the incubation medium. 

5. The pathways of glucose catabolism in mammary gland of the lactat- 
ing rat are discussed. 
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LOCALIZATION OF THE PRIMARY METABOLIC BLOCK 
PRODUCED BY 2-DEOXYGLUCOSE 


By ARNE N. WICK, DOUGLAS R. DRURY, HENRY I. NAKADA, 
AND JACK B. WOLFE 


WITH THE TECHNICAL ASSISTANCE OF BARBARA BRITTON AND RutTH GRABOWSKI* 
(From the Scripps Clinic and Research Foundation, La Jolla, California) 


(Received for publication, August 8, 1956) 


The use of structural analogues in elucidating the pathways of normal 
metabolites has been widely employed by investigators in intermediary 
metabolism. Preliminary studies with 2-deoxyglucose, a compound closely 
related to glucose, have indicated that 2-deoxyglucose may be useful in 
examining the initial reactions involved in the metabolism of glucose and 
those reactions which are believed to be under hormonal control. For ex- 
ample, 2-deoxyglucose has been shown by Cramer and Woodward (1) to 
inhibit the fermentation of glucose by intact yeast cells. Woodward and 
Hudson (2) have also shown that this glucose analogue inhibits the glycoly- 
sis of glucose in a variety of normal and tumor tissues. We recently re- 
ported (3) that 2-deoxyglucose rapidly enters the cells of the extrahepatic 
tissues and that this compound appeared to be responsive to insulin in the 
eviscerated animal. In later work (4), with rat diaphragms, it was shown 
positively that insulin increases its intracellular transfer. One of the in- 
teresting features associated with the administration of 2-deoxyglucose to 
eviscerated animals is that it leads to a marked reduction in the intra- 
cellular transfer of glucose despite the injection of maximal amounts of in- 
sulin. As a result of these actions, 2-deoxyglucose may be considered a 
metabolic block for glucose. In order to localize the primary site of action, 
we have carried out numerous diverse experiments which are reported here. 
These are (1) the oxidation of C'*-labeled 2-deoxyglucose after administra- 
tion to eviscerated rabbits, (2) the effect of the administration of 2-deoxy- 
glucose on the oxidation of injected radioactive acetate in eviscerated 
rabbits, and (3) the effect of phosphoglucoisomerase on glucose-6-PO, 
and 2-deoxyglucose-6-PO, in vitro. 


Materials and Methods 


Preparation of 2-Deoxyglucose—The 2-deoxyglucose was prepared as 
described by Bergmann et al. (5) and modified by Cramer (6). Uniformly 
labeled glucose was the starting material for the C'-tagged 2-deoxyglucose. 

* This investigation was supported in part by a research grant from the Division 


of Research Grants and Fellowships of the National Institutes of Health, United 
States Public Health Service. 
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General Treatment of Animals—Non-fasted rabbits were eviscerated, 
nephrectomized (7), and maintained at a normal blood sugar concentration 
at all times. A tracheal cannula, for subsequent collections of expired 
CO, was inserted during the operation. 

Preparation of Phosphoglucoisomerase—Fresh rat kidneys were homogen- 
ized in 5 volumes of cold isotonic KCl-phosphate buffer, pH 7.5, and cen- 
trifuged at 18,000 X g for 10 minutes. The supernatant fluid was heated 
in a 50° water bath for 10 minutes, chilled and centrifuged, and saturated 
to 40 per cent with (NH,)2SO,, and the resultant precipitate was removed 


TaBLeE I 
Oxidation of C'4-Labeled 2-Deozyglucose after Intravenous Injection 
to Eviscerated and Nephrectomized Rabbits 


The results are expressed as per cent of administered counts recovered in the ex- 
pired COs. 


Counts injected* 


Time 160,000 320,000 


Animal 1 Animal 2 


ooc coc © 
RS8a8 


* Animals 1 and 2 were given 100 and 200 mg. per kilo of radioactive 2-deoxyglu- 
cose, respectively. The weights of the animals after operation were 1.0 and 0.95 
kilos, respectively. 


by centrifugation and discarded. Sufficient (NH,4)2SO, was added at room 
temperature to the supernatant fluid to make a 60 per cent saturated solu- 
tion. The precipitate which was obtained by centrifugation was dis- 
solved in water (7 ml. for each gm. of original tissue) and dialyzed against 
distilled water for 4 hours. The dialyzed solution was usually diluted 7- to 
10-fold and used as the enzyme source. All the operations were carried 
out at 4° + 1° unless otherwise specified. 

Procedure Used in Radioactive 2-Deoxyglucose-Injected Animals (Table 
I)—Two eviscerated and nephrectomized rabbits were injected with a 
single injection of 100 and 200 mg. per kilo of C-labeled 2-deoxyglucose, 
respectively. The respired CO, was collected in the five subsequent 60 
minute periods. 
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Procedure Used in Acetate-Injected Animals—In Table II, Experiments 1, 
2, and 3, C'*-carboxyl-labeled acetate was administered by constant in- 
fusion at the rate of 100 mg. per kilo per hour (calculated as acetic acid but 
administered as the Na salt and free acid, 1:1). A tracer dose of acetate 
was used in Experiment 4. In Experiments 1, 2, and 3, insulin action was 
maintained at maximal activity by insulin injections during every 30 min- 
ute period. In each experiment the radioactive acetate was injected for 3 
hours at a constant rate; then, a single injection of 2-deoxyglucose was 
administered, after which the animals were again injected, for another 


II 
Effect of Single Injection of 2-Deozyglucose on Oxidation of Radioactive 
Acetate in Eviscerated and Nephrectomized Rabbits* 


2-Deoxyglucose administration 


Experiment 1 Experiment 2 Experiment 3 Experiment 4 


Before} After | Before | After | Before | After | Before | After 


Total counts in CO,...... 35, 500/29, 100/181 , 000/192, 000/39 , 700/41 , 700/255, 000/207 , 000 
CO:, mg. per kilo per hr...| 1,162) 658) 1,384 920} 1,436} 972) 1,254 574 
Plasma glucose disappear- 

ance,mg.perkiloperhr.| 425) 210 480 243 1 60 


*In Experiments 1, 2, and 3, the animals were injected each hour with maximal 
doses of insulin. In Experiment 4, no insulin was administered. The animals in 
Experiments 1, 2, and 3 were injected by constant infusion for 6 hours with 100 mg. 
of acetate per kilo per hour, and in Experiment 4 tracer quantities of acetate were 
used. At the end of the 3rd hour, the animals in Experiments 1, 2, and 3 received a 
single injection of 200 mg. per kilo of 2-deoxyglucose, and, in Experiment 4, 300 mg. 
of 2-deoxyglucose were injected. The data are the average values for the two 3 
hour periods expressed on the kilo basis. 


3 hour period, with the radioactive acetate injection as before. The ex- 
pired CO, was collected at 30 minute intervals. 


Results 


Oxidation of 2-Deoxyglucose by Extrahepatic Tissues—The data in Table I 
show negligible oxidation after the injection of radioactive 2-deoxyglucose. 
In Experiment 1, no C™ was detected in the expired CO,. However, as 
shown in Experiment 2, by increasing the number of counts administered, 
an oxidation value for the 5 hour period of 1.1 per cent, representing 2.3 
mg. of the oxidized analogue, was obtained. Over a similar period, 100 to 
200 mg. of glucose would have been oxidized. It is therefore concluded, 
for the purposes of elucidation of the metabolic block produced by 2-deoxy- 
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glucose, that the extrahepatic tissues are incapable of oxidizing the analogue 
to CQ,.! 


TaBLe III 
Inhibition of Purified Kidney Phosphoglucoisomerase 
Activity by 2-Deozryglucose-6-PO, 
The experimental conditions were similar to those given for Fig. 1. 


2-Deoxyglucose-6-PO, Glucose-6-PO.4 Ketose found Per cent inhibition 
umoles pmoles umole 
0 2 0.32 
1 2 0.29 9 
2 2 0.23 24 
0 1 0.19 
2 1 0.04 79 


10 20 ane 
| CONC. (ym./ mi. ) 

Fig. 1. Inhibition of phosphoglucoisomerase by 2-deoxyglucose-6-PO,. Each 
flask contained substrates, 1 ml. of enzyme, 80 umoles of NaF, 0.25 ml. of. phosphate 
buffer (0.1 m), pH 7.5, and water to make a total volume of 2 ml. O, no inhibitor; 
1.5 wmoles of 2-deoxyglucose-6-PO,; 0, 3.0 uwmoles of 2-deoxyglucose-6-PQ,. 
The experiments were conducted at room temperature with air in the gas phase. 
The reaction velocity was calculated from the quantity of ketose formed between 
30 seconds and 2.5 minutes. Ketose was measured by the method of Dische and 
Borenfreund (9). k was calculated, assuming a first order reaction rate; i.e., k = 
2.303/t log Co/C. The data were plotted according to the method of Lineweaver and 
Burk (10). 


Effect of 2-Deoxyglucose on Oxidation of Injected Radioactive Acetate—It 
is apparent from the data in Table II that 2-deoxyglucose does not reduce 
the oxidation of acetate, but that it definitely does reduce the production of 


1The glycogen (purified) from the carcasses of the animals to which the radio- 
active 2-deoxyglucose had been administered contained, in each experiment, ap- 
proximately 5 per cent of the injected counts. This is under further investigation. 
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CO,.. This may in part be due to the lowering of the respiratory quotient. 
However, much of the drop must result from a drop in the metabolic rate, 
since the body temperature is lowered after giving this analogue. It is of 
interest that, although this reduction in metabolic rate does not affect the 
rate of oxidation of acetate, there are other fuels, such as circulating glucose, 
whose oxidation rate is reduced by this drop in metabolic rate. 

It is apparent that 2-deoxyglucose affects the metabolism of acetate and 
of glucose in quite different ways. It reduces the percentage of CO, which 
results from the administered glucose (3), and, because the production of 
CO, is lowered, the oxidation rate of the glucose is markedly diminished. 
Since it does not change the rate of oxidation of acetate, the per cent of CO, 
from acetate rises markedly after administration of 2-deoxyglucose. It is 
obvious that 2-deoxyglucose offers no hindrance to the terminal oxidation 
of acetate, indicating that the 2-deoxyglucose block must occur prior to the 
conversion of glucose to the acetate stage. 

Studies in Vitro with Phosphoglucotsomerase—The above results suggest 
that the glucose block associated with administration of 2-deoxyglucose 
to the living animal is probably in the glycolytic area. We next investi- 
gated the effect of 2-deoxyglucose-6-PO, on the ability of purified rat kidney 
phosphoglucoisomerase to produce ketose from glucose-6-PO,. This en- 
zyme was the logical point of attack in view of the previous report of Sols 
and Crane (8) that 2-deoxyglucose-6-PO, was not a substrate for phospho- 
hexoisomerase or glucose-6-PO, dehydrogenase. The data in Table III 
clearly show that 2-deoxyglucose-6-PO, inhibits ketose formation from 
glucose-6-PO,. In Fig. 1 are similar data, plotted according to the method 
of Lineweaver and Burk (10). As can be seen, the intercepts are common 
but the slope increases with increasing inhibitor concentration, indicating 
that 2-deoxyglucose-6-PO, acts as a competitive inhibitor of the phospho- 
glucoisomerase reaction. 


DISCUSSION 


An examination of the results obtained by the experiments reported 
here strongly suggests that the primary block in glucose catabolism, pro- 
duced by the injection of 2-deoxyglucose in the extrahepatic tissues, is due 
to the competitive inhibition of 2-deoxyglucose-6-PO, on glucose-6-PO, at 
the phosphoglucoisomerase level. The experiments indicate that (1), al- 
though 2-deoxyglucose enters the cells at a rapid rate, the extrahepatic 
tissues are unable to oxidize C-labeled 2-deoxyglucose in more than trace 
amounts, showing that this glucose analogue is itself blocked at some stage 
in its oxidation; that (2) the lack of effect of 2-deoxyglucose on the oxida- 
tion of injected radioactive acetate suggests that the block exists in the 
glycolytic rather than the oxidative area; and that (3) the studies in vitro 
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show that 2-deoxyglucose-6-PO, competitively inhibits formation of ke- 
tose from glucose-6-PO, when the enzyme phosphoglucoisomerase jig 
used, thus indicating that inhibition can be demonstrated after destruction 
of the cell membrane. 

It can be envisioned that the above primary block may be associated with 
one or more secondary blocks. One of these secondary blocks may be the 
accumulation of glucose-6-phosphate which would inhibit the hexokinase 
reaction. It is also likely that competition exists for the hexokinase reac- 
tion itself (11). One must also consider the possibility that, if a separate 
mechanism exists for cell transfer which is distinct from the hexokinase 
reaction, competition may exist between glucose and 2-deoxyglucose for 
this cell transfer mechanism. Data have been presented by Blakley and 
Boyer (12) and by Sols (13) which indicate that in yeast an active transfer 
mechanism exists which is not primarily dependent on the hexokinase en- 
zyme. Their data support the earlier work of Levine and his group (14), 
who, using galactose and the eviscerated animal, postulated a distinct 
transfer mechanism as the result of their findings. We are inclined to be- 
lieve that the latter site of action does not play a major role in the de- 
creased intracellular transfer of glucose after 2-deoxyglucose administra- 
tion. We know (3) that 2-deoxyglucose rapidly enters the cells, and its 
blocking effect on glucose remains at a high and constant level even after 
the circulating 2-deoxyglucose has decreased to a relatively low plasma 
concentration. 

These considerations appear to indicate that the glucose blocking effect, 
which occurs after the administration of 2-deoxyglucose, is the result of a 
“backing up”’ which is due to a combination of events that occur after the 
primary block is instigated at the isomerase level. 

Since recent reports from this laboratory (4, 15) indicate that galactose 
may enter the muscle cells by a mechanism other than that used by glu- 
cose, we are of the opinion that it may be difficult to dissociate experimen- 
tally the transfer mechanism from the hexokinase reaction. 


SUMMARY 


A series of experiments has been carried out to locate the metabolic block 
in glucose metabolism which occurs after the administration of 2-deoxy- 
glucose to eviscerated animals. The results of these experiments are as 
follows. . 

1. The extrahepatic tissues oxidized only trace amounts of C"*-label 
2-deoxyglucose, showing that the compound is blocked at some stage in its 
metabolism. 

2. 2-Deoxyglucose did not influence the oxidation of injected C'*-labeled 
acetate, suggesting that the metabolic block is in the glycolytic area. 
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3. Studies 2m vitro showed that 2-deoxyglucose-6-PO, competitively in- 
hibits formation of ketose from glucose-6-PO, when purified rat kidney 
phosphoglucoisomerase was used. 

It was concluded that the primary block induced by 2-deoxyglucose is 
at the phosphoglucoisomerase level. Possible secondary blocks are dis- 


cussed. 


BIBLIOGRAPHY 


. Cramer, F. B., and Woodward, G. E., J. Franklin Inst., 258, 354 (1952). 

. Woodward, G. E., and Hudson, M. T., Cancer Res., 14, 599 (1954). 

. Wick, A. N., Drury, D. R., and Morita, T. N., Proc. Soc. Ezp. Biol. and Med., 
89, 579 (1955). 

4, Nakada, H. I., and Wick, A. N., J. Biol. Chem., 222, 671 (1956). 

5. Bergmann, M., Schotte, H., and Lechinsky, W., Ber. chem. Ges., 55B, 158 (1922). 

6. Cramer, F. B., J. Franklin Inst., 268, 277 (1952). 

7 

8 


ow brn 


. Drury, D. R., Am. J. Physiol., 111, 289 (1935). 

. Sols, A., and Crane, R. K., J. Biol. Chem., 210, 581 (1954). 

. Dische, Z., and Borenfreund, E., J. Biol. Chem., 192, 583 (1951). 
10. Lineweaver, H., and Burk, D., J. Am. Chem. Soc., 56, 658 (1934). 
11. Woodward, G. E., and Hudson, M. T., J. Franklin Inst., 269, 543 (1955). 
12. Blakley, E. R., and Boyer, P. D., Biochim. et biophys. acta, 16, 576 (1955). 
13. Sols, A., Biochim. et biophys. acta, 20, 62 (1956). 
14. Levine, R., and Goldstein, M.S., Recent Progress Hormone Res., 9, 343 (1954). 
15. Nakada, H. I., and Wick, A. N., Am. J. Physiol., 185, 23 (1956). 


| 
C- 
te 
se 
r 
d 
l- 
be 
r 
UM 


Ir 

Ir 

cl 

la 

ti 

tl 

| ow 

st 

| tl 

al 

la 

ta 

cy 

of 

(6 

| It 

ers 

Un 

So 

| Ne 

Un 

&p 

via 

cifi 

U- 

| fro 


THE METABOLISM OF VARIOUSLY LABELED GLUCOSE 
IN RAT LIVER IN VIVO* 


By JOHN A. MUNTZt anp JOHN R. MURPHY} 


(From the Department of Biochemistry, School of Medicine, Western Reserve 
University, Cleveland, Ohio) 


(Received for publication, August 28, 1956) 


Although the existence of multiple pathways of carbohydrate oxidation 
in microorganisms has been known for a number of years, their occurrence 
in animal tissues, although suggested a number of times, had been either 
challenged or dismissed as being relatively unimportant. This stemmed 
largely from the fact that numerous studies with animal tissue prepara- 
tions emphasized the importance of the Embden-Meyerhof pathway as 
the primary one. Further support for this view was gained from studies 
with whole animals, from which it was shown that carbon-labeled sub- 
strates which entered this pathway were metabolized in conformity with 
the known reactions of this scheme and the tricarboxylic acid cycle (1, 2). 

However, recent work with liver slices has clearly demonstrated that an 
alternative pathway of glucose oxidation is operative, for carbon 1 is con- 
verted more extensively to CO; than is carbon 6 (3-5). By using variously 
labeled glucose to follow reactions from the hexose level and labeled lac- 
tate in order to estimate the oxidations occurring in the tricarboxylic acid 
cycle, attempts have been made to estimate the quantitative importance 
of the Embden-Meyerhof compared to an alternative oxidative mechanism 
(6, 5). Some of the assumptions made in these calculations are open to 
question (7), and others which are inherent in them are not considered.! 
It is also important to consider the possibility that liver slices, lacking some 


*This work was supported in part by grants from the United States Atomic En- 
ergy Commission and the Elisabeth Severance Prentiss Fund of Western Reserve 
University. A preliminary report of this work was given before the American So- 
ciety of Biological Chemists at the annual meeting of the Federation of American 
Societies for Experimental Biology in San Francisco, April 14, 1955. 

t Present address, Department of Biochemistry, Albany Medical College, Albany, 
New York. 

{ Present address, Department of Medicine, Lakeside Hospital, Western Reserve 
University, Cleveland 6, Ohio. 

1 While this manuscript was in preparation, Wenner and Weinhouse (8) published 
& paper describing a better method for estimating the extent of glucose metabolism 
via the Embden-Meyerhof pathway in liver preparations. They compared the spe- 
cific activity of acetoacetate formed from glucose-1-C" or glucose-6-C™ and glucose- 
U-C™, It was estimated that from 50 to 100 per cent of the acetyl groups formed 
from glucose was derived via the Embden-Meyerhof pathway. 
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of the controlling factors which are operative in vivo, exhibit an exaggerated 
alternative oxidative mechanism. 

The work herein reported was carried out in anesthetized rats. Varj- 
ously labeled glucose was injected intraportally for a sufficiently brief 
period so as to prevent any radioactive material from returning to the liver 
via the hepatic artery. Immediately after the injection, the liver was re. 
moved, the COsz, lactate, and hexose monophosphate were extracted from 
it, and their radioactivity was measured. The results show that a phos- 
phogluconate oxidation pathway? occurs in rat liver in vivo, and yet there 
is rapid equilibration of the carbons of glucose with lactate, indicating the 
extensive participation of the Embden-Meyerhof scheme. 


Methods 


Male rats weighing between 200 and 300 gm. were anesthetized with 
Amytal, 14 mg. per 100 gm. rat, which was injected intraperitoneally asa 
10 per cent solution. The portal vein was exposed, and, over a 20 second 
period, 0.2 ml. of solution containing the substrate with 1 X 10° to1 xX 10! 
c.p.m. (0.045 to 0.45 uc.) was injected at a fairly constant rate. The liver 
was then removed (10 seconds), washed briefly in warm saline, and blotted 
on filter paper. At exactly 90 seconds after the start of the injection, the 
liver was frozen in liquid air. It was then ground to a powder in a mortar 
chilled with liquid air and transferred to an extraction flask, which was 
then attached to a vacuum line designed for trapping and transferring 
gases. The tissue CO: was liberated by adding 25 ml. of 5 per cent per- 
chloric acid; it was measured, transferred to a gas counting tube, and its 
radioactivity determined by the gas phase counting method of Bernstein 
and Ballentine (10). 

Acid-soluble constituents were extracted by homogenizing the liver sus- 
pension in an all-glass homogenizer, centrifuging, and twice repeating the 
homogenization of the residue with 15 ml. of 5 per cent perchloric acid. 
The extracts were combined and filtered, and the glycogen was precipitated 
by addition of an equal volume of absolute ethanol. After centrifuging 
in the cold, the supernatant fluid was readjusted to pH 5.5 with 0.1 n HC 
and the mixture concentrated to 10 ml. with an air jet on a hot water bath. 
The “barium, water-insoluble” materials were removed from the con- 
centrate by adding 1 ml. of 20 per cent BaCls, adjusting to pH 8.5 with 
Ba(OH)s, and centrifuging. Hexose monophosphate, together with much 
contaminating organic phosphate, was precipitated from the supernatant 
fluid by addition of 4 volumes of absolute ethanol. Glucose-6-phosphste 

2 In conformity with current usage, the term phosphogluconate oxidation is used 


as a name for the alternative oxidative mechanism which occurs in liver tissue. It 
does not imply that the scheme as presented (9) is followed in every detail. 
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(G-6-P) was separated from this precipitate by chromatographic proce- 
dures, and the alcoholic supernatant fluid which contained the tissue lac- 
tate was saved for lactate isolation and purification. 

Isolation and Purification of Glucose-6-phosphate—The ‘‘barium, ethanol- 
insoluble” precipitate was partially dried under an air jet to remove most 
of the alcohol and then dissolved in 10 ml. of water. A small insoluble 
precipitate was discarded. The solution, containing between 70 and 125 
umoles of total P, was passed through a 6.cm. X 1.15 cm. diameter column 
of Dowex 50 (H* form, 400 mesh). It was then washed with 20 ml. of 
water, which were added to the first effluent. The combined outflow, 
which contained the G-6-P together with 50 to 60 per cent of the phos- 
phate placed on the column, was titrated with 1 N NH,OH to pH 7.5 
(phenol red). 

The phosphate solution was next put on Dowex 1 (Cl- form, 200 to 400 
mesh X 10) columns 9 mm. in diameter. A height of approximately 3 
cm., equivalent to 2 ml. of resin, was used for 300 yweq. of monovalent anion, 
the exact value being obtained from the NH,OH titration. The column 
with its adherent phosphate was washed with 50 ml. of 0.001 n NH,OH, 
and then elution was begun as described by Khym and Cohn (11). A 
mixture of 0.025 m NH,Cl and 0.01 m K2BO; (225 ml. at 1 ml. per minute) 
removed most of the interfering phosphates. Several 10 ml. fractions 
were collected after this volume and analyzed for total P to insure that 
no more was being eluted. By changing the eluting solution to 0.04 m 
NH,Cl and 0.001 m borate and collecting 10 ml. fractions, G-6-P was 
eluted predominantly in Fractions 2, 3, 4, and 5. NH,Cl was removed 
from the combined fractions by conversion to HCl by passage through a 
2.5em. X 9mm. column of Dowex 50 (H* form, 400 mesh). The column 
was washed with 15 ml. of water, which were added to the outflow and 
evaporated to dryness in vacuo, whereby the HCl was volatilized and only 
the organic P remained.? 

Isolation and Purification of Tissue Lactate—The alcoholic supernatant 
fluid from the barium precipitation was taken to dryness, the residue dis- 
solved in 10 ml. of water, and its lactate content determined (14). Ap- 
proximately 30 umoles of lactate were present per 10 gm. of liver. Lactic 
acid (0.2 mmole) was added as carrier and the entire mixture extracted 
with ether after acidification to pH 1 with H.SO,. After evaporating the 


* Between 2 and 7 uzmoles of G-6-P, analyzed by the anthrone reaction (12), were 
obtained from an average 9 gm. of rat liver. It was still not entirely purified, for 
the ratio, anthrone-reacting material to organic phosphorus, was 0.87 instead of 1.0. 
Paper chromatography (13) indicated a slight contamination with other phosphates. 
However, these were non-radioactive, as revealed by total combustion and examina- 
tion of the CO, in the gas counter. Further purification by carrier addition and re- 
isolation was not considered necessary for these experiments. 
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ether and titrating the acids to phenolphthalein end point, the salts were 
chromatographed on a Dowex 1-formate column (6 cm. X 1.2 cm. diam- 
eter, 200 to 400 mesh). Elution with 0.1 Nn formic acid extracted the lactic 
acid between 40 and 60 ml. Concentration of this fraction to approxi- 
mately 1 ml. with an air jet on a hot water bath, thrice repeated with 5 
ml. of water, removed most of formic acid. The remaining acid was ti- 
trated with 0.1 n NaOH and then taken to dryness. This salt was treated 
with 0.5 ml. of 3 N H2SO, and chromatographed on an acid Celite column 
with chloroform-butanol to remove the last traces of formic and other fatty 
- acids (15). Lactic acid is eluted between 100 and 160 ml.‘ After titra- 
tion and concentration of the aqueous phase, a final lactic acid determina- 
tion was made, and the lactate was either totally oxidized or degraded so 
that each carbon atom was obtained singly as CO; (16). 


Materials 


Glucose-1-C™, glucose-2-C™, and glucose-6-C™ were obtained from the 
National Bureau of Standards. Glucose-3,4-C™ was prepared biologically 
by injecting NaHC*O; intraperitoneally into rats, isolating the liver gly- 
cogen, hydrolyzing it with 1 N H2SQ,, and purifying the glucose. The 
glucose was chromatographed on thick filter paper (20 inch squares) with 
n-butanol saturated with water as solvent (17). Small amounts of fruc- 
tose and a slow moving component (presumably isomaltose) were sepa- 
rated from the glucose by this procedure. 

The glucose had a specific activity of 10.8 X 10°c.p.m. permmole. Fer- 
mentation with Lactobacillus casei and chemical degradation of the lactic 
acid formed revealed that 97 per cent of the radioactivity was present in 
the carboxyl carbon, corresponding to the 3,4 position of glucose, and the 
remainder was distributed among the other carbons, corresponding to the 
1,6 and 2,5 positions of glucose. 

Acetate-1-C™ and -2-C™, as well as lactate-1 CM and -3-C™, had been 
previously prepared in this laboratory by conventional proceduses. 


Results 


Production of C“O: from Variously Labeled Acetate and Lactate—The use- 
fulness and degree of reproducibility of this method of studying metabolism 
in situ are illustrated in Table I, which shows that the different carbon 
atoms of acetate and lactate are oxidized to CO, fairly uniformly from one 
animal to another. An average of 0.125 mmole of CO was extracted from 
10 gm. of rat liver and its total radioactivity determined. The highest 


‘We are grateful to Dr. Harry Rudney and Mr. Eskin Huff of this department, 
who have perfected this method of purification and assisted in applying it to our 
needs. 
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yield of C“Oz was obtained from carboxyl-labeled lactate, and, in this 
series of injections, the CO, acquired an average specific activity of 27,225 
c.p.m. per mmole. 

The next highest radioactive yield was from the carboxy] group of ace- 
tate, which, in being converted to CO2, must take one complete turn 
through the Krebs cycle. Despite the dilution of radioactivity that must 
occur at each step, a good yield of CO, was obtained in this short experi- 
mental period. By contrast, much less C“O, was obtained from the methyl] 
group of acetate, reflecting the fact that this carbon must traverse the 
cycle twice before it can be converted to CO2. The very low yield of CO, 
from the methyl group of lactate, which is qualitatively equivalent to the 
methyl group of acetate, shows that the yield of acetyl coenzyme A from 


TABLE I 
C4O, Production from Variously Labeled Acetate-C™ and Lactate-C' 
Acetate-1-C™ Acetate-2-C%* Lactate-1-C™ Lactate-3-C 
11,700 1740 29 ,800 98 
6,120 1500 24,700 82 
4,600 1301 26 , 800 10 
27 ,600 


The results are expressed in counts per minute per millimole of CO2. 0.25 mmole 
of acetate-1-C™, acetate-2-C™, lactate-1-C™, and lactate-3-C™ containing 1.07 10° 
c.p.m., 1.02 X c.p.m., 1.104 X 10% c.p.m., and 1.1 X c.p.m., respectively, were 
injected. 


the decarboxylation of lactate is much less than that obtained by acetate 
activation when 0.25 mmole acetate is injected. Although the yield 
of CO. was high from carboxyl-labeled lactate, it cannot be concluded 
that more lactate than acetate enters the metabolic mill. The high yield 
of C“O, from carboxyl-labeled lactate reflects the additional fact that this 
carbon can be converted to CO, in one reaction from pyruvate, suffering 
no dilution other than that incurred in the bicarbonate pool itself. 

C40, Production and Relative Specific Activity of Glucose-6-phosphate and 
Lactate after Injection of Variously Labeled Glucose—When glucose is me- 
tabolized via the Embden-Meyerhof pathway, followed by oxidation in 
the Krebs cycle, carbon atoms 1 and 6 undergo the same fate; similarly, 
carbons 2 and 5 and 3 and 4. Hence glucose-1-C™ should give the same 
CO, yield and label the various metabolic intermediates to the same extent 
as glucose-6-C™. With the use of the intraportal injection technique, it 
became evident that carbon 1 gave much more CO, than carbon 6. This 
is in agreement with the work in vitro on rat liver slices and points to the 
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fact that there is an alternative oxidative route for glucose metabolism in 
vivo. 

High yields of CO, were obtained from glucose-1-C™“ (Table II). How- 
ever, there was considerable variation from one animal to another. The 
final counts per minute were calculated on the basis that the average portal 
blood flow is 1.5 ml. per gm. of liver per minute and that the blood glucose 
was 100 mg. per cent. Hence, over the 20 second period, the injected glu- 
cose was added to 5 mg. of blood glucose in each case. There appears to 


II 
Radioactivity of Tissue CO2 after Injection of Varying Amounts of Glucose-1-C' 
Relative specific activity of COs 
No. of rats injected Glucose injected ——— ity 
Average Range 
mg c.p.m. X 10-8 C.p.m. C.p.m. 
2 2.09 0.51 867 712-1023 
2 4.17 1.02 1077 1060-1095 
2 10.12 0.24 1018 992-1044 
2 15.0 1.66 1070 991-1150 
2 22.5 2.49 1655 1510-1800 
2 25.1 1.82 1475 1370-1580 
5 30.1 1.82 1603 1090-2005 
2 32.4 0.94 2055 1620-2490 
4 35.1 1.82 1418 918-2190 
2 40.1 1.82 1735 1720-1750 
5 45.0 1.82 2040 1524-2460 
2 50.1 1.82 2570 2440-2700 


Relative specific activity = counts per minute per millimole of CO:, divided by 
1 X 10° c.p.m. per millimole of glucose entering the liver. Glucose entering the 
liver = glucose injected + glucose present in portal blood (see the text for assump- 
tions that are made). 


be some tendency for the CO; yield to increase with an increasing amount 
of glucose presented to the liver, but this is observed principally at the 
high glucose levels. 

Wide variations in specific activities prompted an investigation of some 
of the factors which might produce them. It was considered that even 
brief fasting periods which would diminish liver glycogen might be partly 
responsible. Consequently, groups of rats were injected at various times 
throughout the day while their liver glycogen fell from an average 3.87 
gm. per cent at 8:00 a.m. to an average 0.7 gm. per cent at 5:00 p.m. 
Table III shows that there was no consistent progressive effect on the 
specific activity of any of the constituents examined. Again, there were 
wide variations from one animal to another, which can only be ascribed at 
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present to unknown biological variation. The average values show that, 
in this brief period, G-6-P has acquired one-sixth to one-fifth of the 
specific activity of the glucose injected, while the lactate has one-forti- 
eth to one-fiftieth of the specific activity. 

It is interesting that the lactate had acquired so high a specific activity, 
since from glucose-1-C™ this can be accomplished only by the conventional 
split of the hexose to triose units. However, it does not follow that much 


TaBLeE III 
Effect of Fasting on Radioactivity of Various Tissue Constituents 
after Injection of Glucose-1-C" 


Relative specific activity* 
Group No. Fasting Rat No. 
CO: Lactic acid | 
hrs. 
1 0 39 1540 26 ,050 203 , 000 
40 663 15,050 251,000 
41 900 10,610 140,000 
2 3 42 752 17,820 184,000 
43 1007 14,320 128,000 
44 1211 41,450 129,000 
3 6 45 1760 23,750 209 , 000 
46 1008 13, 250 149,000 
47 973 32,500 215,000 
4 8 48 809 33,000 137 ,000 
49 483 16,980 164,000 
50 1586 32,200 196 ,000 


* Relative specific activity = counts per minute per millimole of substance iso- 
lated, divided by 1 X 10 c.p.m. per millimole of glucose injected. In Tables IV, 
V, VI, and VIII, relative specific activity is defined in this way. 45 mg. of glucose 
with 273,400 c.p.m. in 0.2 ml. were injected in each case. 


CO, need be formed from the 3-carbon fragments. Besides being diluted 
in the various pools, varying amounts of these could simply recondense to 
reform glucose. 

In contrast to the results with glucose-1-C™ is the low CO, yield from 
glucose-6-C™“ (Table IV). Some of the samples gave a barely perceptible 
count above background (Rats 5 and 6), although the lactate had acquired 
approximately the same specific activity as it gained when glucose-1-C™ 
was injected. In view of the large animal variation, the difference be- 
tween 19,800 c.p.m. from glucose-6-C™ and 23,080 c.p.m. from glucose- 
1-C¥ cannot be considered significant. 
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Although the CO; from glucose-6-C™ is nearly the same as that obtained 
from lactate-3-C™ (Table I), it cannot be concluded that it is produced in 
the same way, namely by the Embden-Meyerhof pathway and subsequent 
oxidation. It is possible that the triose P fragment arising from glucose- 
6-C“ when phosphogluconate is oxidized is recondensed to glucose with 
radioactivity in the 1-carbon position and is then oxidized directly to C“0, 
Evidence that such recondensation does occur has been obtained in experi- 
ments with perfused rat liver. It has also been reported for rat liver 
slices (5). 


TaBLe IV 
Radioactivity of Tissue CO; and Lactate after Injection of Glucose-6-C™ 
Relative specific activity 
Rat No. 
COs: Lactate 
2 44 
3 17 18,320 
4 14 
5 7 11,750 
6 5 18,900 
7 14 30,700 
8 21 19,350 
9 31 
10 22 
11 24 


45 mg. of glucose with 1.068 X 10° c.p.m. in 0.2 ml. were injected in each case. 


In view of the high yield of CO, from glucose-1-C", it is interesting to 
observe the CO, production from glucose-2-C™, since carbon 2 may be 
oxidized by the cyclic operation of the phosphogluconate oxidation scheme 
proposed by Horecker et al. (18). In this mechanism, carbon 2 moves to 
the 1 and 3 positions in newly formed glucose. Thus, CO: could be ob- 
tained from glucose-2-C™ in three ways: (1) via phosphogluconate oxida- 
tion, from carbon 1 of newly formed glucose; (2) via the Embden-Meyer- 
hof pathway and subsequent oxidation of the carboxyl group of acetate in 
the Krebs cycle (original carbon 2 of glucose); (3) via phosphogluconate 
oxidation and the Embden-Meyerhof pathway from carboxyl groups of 
pyruvate (carbon 3 of newly formed glucose). 

Table V shows the CO, yield and the relative specific activity acquired 
by tissue lactate. Two groups of rats in different metabolic states were 
injected asshown. There is no ready explanation for the marked difference 
between the two groups in view of our previous inability to demonstrate 
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an effect of fasting with glucose-1-C“. These groups of rats differed in 
age and strain. Unfortunately, the G-6-P was not isolated in these ex- 
periments. 

Glucose-3 ,4-C' would appear to offer certain advantages for assessing 
the relative importance of the Embden-Meyerhof pathway in the produc- 
tion of COz from glucose. CQO, derived from this sugar in such short 
term experiments should be largely produced by decarboxylation of py- 
ruvate. Carbon 3 can be oxidized via phosphogluconate, but only after 
it has moved twice in the hexose chain, namely to the 2 and then the 1 
position. Carbon 4 will appear predominantly as the carboxyl group of 
pyruvate, although it can appear thus through the reactions of the phos- 
phogluconate oxidation pathway, which removes carbons 1, 2, and 3, leav- 


TABLE V 
Radioactivity of Tissue CO; and Lactate after Injection of Glucose-2-C' 
Relative specific activity 

Group No. : Rat No. 
COs: Lactate 
1 1 111 38 , 250 
2 167 42,700 
3 51 28, 120 
2 4 21 9,200 
5 20 7,420 
6 10 7,600 


45 mg. of glucose with 1 X 10*c.p.m. were injected. Group 1 had fasted 8 hours, 
while Group 2 consisted of non-fasted animals. 


ing 4, 5, and 6 as a triose unit, as well as by the Embden-Meyerhof path- 
way. Table VI shows that glucose-3 ,4-C™ yields more C“O, than either 
glucose-2-C™ or glucose-6-C™ and less than glucose-1-C“%. The CO: spe- 
cific activity, although highly variable, shows a rough correlation with the 
specific activity of the lactic acid and none with the specific activity of 
the G-6-P in the few cases in which the latter was measured. The specific 
activity of the lactate is in the same range as that obtained from the other 
types of labeled glucose. 

Redistribution of Radioactive Carbon and Estimation of Extent of Phos- 
phogluconate Oxidation—The operation of the phosphogluconate oxidation 
pathway, whereby carbons 1, 2, and 3 are successively oxidized to COz:, 
involves a redistribution of carbon in the newly formed hexose units. 
After the initial cleavage of carbon 1 to CO:, the ribulose-5-phosphate 
which is formed isomerizes to ribose-5-phosphate. The ketopentose phos- 
phate is cleaved and the fragments are recondensed in such a way that the 
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original carbon 2 of glucose-2-C™ is converted to carbon 1 and carbon 3 of 
newly synthesized glucose (18). Starting with glucose-3,4-C™, the same 
reaction sequence will move carbon 3 of the original glucose to carbon 2 


and eventually to carbon 1 of newly formed glucose. If, while these reac. 
TABLE VI 
Radioactivity of Various Tissue Constituents after Injection of Glucose-8,4-C™ 
Relative specific activity 
Rat No. ume 
CO: Lactic acid Glucose-6-phosphate 
1 285 22,600 254 ,000 
2 130 32, 150 
3 1163 59,620 219,000 
4 262 25 ,000 
5 312 38,870 241,000 
6 77 16,000 
7 77 13,300 
8 60 13,870 
296 27 ,670 238 , 000 


45 mg. of glucose with 1 X 10° c.p.m. per 0.2 ml. were injected. 


TaBLeE VII 


Redistribution of Radioactive Carbon As Observed in Tissue Lactate after 
Injection of Variously Labeled Glucose 


Per cent total radioactivity present in each position 
Experiment No. 
Carboxy]! carbon a-Carbon 8-Carbon 
Glucose-3,4-C" 2 94.6 5.1 0 

3 93.1 5.0 1.9 

8 90.6 6.6 2.8 

Glucose-2-C™ 1 3.7 91.4 4.9 

2 2.3 96.4 1.3 

3 4.1 92.6 3.3 


45 mg. of glucose with 1 X 10* c.p.m. per 0.2 ml. were injected. 


tions are proceeding, degradation via the Embden-Meyerhof pathway also 
occurs, the lactate formed will reflect this redistribution of carbon. 
Consequently, tissue lactate was isolated, purified, and degraded carbon 
for carbon after injecting glucose-3 ,4-C™ or glucose-2-C™. As shown in 
Table VII, the expected redistribution of radioactive carbon did occur. 
From glucose-3 ,4-C™, carbon 3 moved predominantly to the 2 position and 
thereby caused a considerable labeling of the a position of tissue lactate. 
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A lesser but still significant movement to position 1 (@ of lactate) also oc- 
curred. From glucose-2-C" the radioactivity moved randomly to positions 
1 and 3 (carboxyl and 6-carbon of lactate). However, it is evident that 
the conversion of carbon 2 to carbon 1 via phosphogluconate oxidation did 
not occur to a major extent in this short experimental period; only 1 to 5 
per cent of the activity was in the 8-carbon of lactate from glucose-2-C". 

It is possible to estimate the extent of participation of the two pathways 
under consideration by using glucose-2,6-C“%. With this type of labeled 
glucose, operation of the Embden-Meyerhof pathway would give lactate 
equally labeled in the a and 8 positions, while the phosphogluconate oxida- 
tion pathway would give the #-labeled lactate. In the latter pathway, 


TaBLeE VIII 
Radioactivity of Individual Carbons of Lactate after Injecting Glucose-2,6-C™ 
Relative specific activity in each position 
Experiment No. 
Carboxy] carbon a-Carbon 8-Carbon 
per cent 

2 297 3400 5180 34 

3 10 2730 4280 36 

4 364 1792 2890 38 

5 401 2140 3000 29 

6 161 975 1560 38 


45 mg. of glucose per 0.2 ml. containing equal radioactivity in positions 2 and 6 
were injected. Per cent phosphogluconate oxidation pathway = counts per min- 
ute 8-carbon — counts per minute a-carbon, divided by counts per minute #-car- 
bon X 100 (last column). 


carbon 2 would be prevented from going directly to lactate, while carbon 
6 would still furnish lactate via glyceraldehyde phosphate. ‘The difference 
in specific activity between the a- and 8-carbons of lactic acid should be 
a measure of the contribution of phosphogluconate oxidation to glucose 
metabolism. 

For these experiments, equal amounts of glucose-6-C™ and glucose-2-C™ 
containing equal radioactivity were mixed, giving effectively glucose-2 ,6- 
C', After injection of this mixture, tissue lactate was isolated, purified, 
and degraded. The results are shown in Table VIII. The §-carbon, cor- 
responding to the 1,6 positions of hexose from which it is derived, always 
had more radioactivity than the a-carbon. The activity of the a-carbon 
is a measure of the contribution of the Embden-Meyerhof pathway to lac- 
tic acid formation and hence the catabolism of glucose. On the other 
hand, the 6-carbon reflects the operation of both pathways. Hence, the 
difference in activity divided by the activity in the B-carbon is the fraction 
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of lactic acid contributed by phosphogluconate oxidation. It varies from 
29 to 38 per cent, as shown in the last column. Since the fate of two dif- 
ferent glucose carbons is observed here in the same animal, the variability 
from one animal] to another, when singly labeled glucose is administered, 
is eliminated. Conversion of lactate to fatty acids and amino acids, fur- 
ther oxidation in the Krebs cycle, and dilution phenomena in all these proc- 
esses play no role in this calculation. Fixation of CO, to form oxalacetate 
from labeled pyruvate and randomization of the ethylene carbon atoms 
would diminish the difference between the radioactivity of the a- and 
8-carbons of pyruvate (lactate). It seems unlikely that this would occur 
to any significant extent in the short experimental period. 


DISCUSSION 


The data that have been presented are in accord with the operation of 
an oxidative mechanism for glucose metabolism whose main features have 
been described by Horecker (9) and may be depicted in the stati. 
scheme, of which the net result is 


3 glucose — COs + 2% glucose 
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Glucose-2-C™“* would give a hexose labeled in the 1,3 positions with 
twice as much radioactivity in 1 as in 3. Glucose-3,4-C™ would give a 
hexose with the radioactivity distributed as follows: Ct > C? > C*. 

It is assumed that all of these compounds are present as the phosphory- 
lated derivatives following the initial phosphorylation of glucose to glu- 


= 
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cose-6-phosphate. However, our results cannot rule out the possibility 
that some glucose may be oxidized to gluconate, which might be decar- 
boxylated to pentose. This could then be phosphorylated and enter the 
scheme as shown. 

The Embden-Meyerhof pathway, proceeding simultaneously, would pro- 
duce lactic acid from the original labeled glucose as well as from the new 
hexose formed, as depicted in Scheme 1. The lactate would mirror the 
shift of carbon atoms produced in the oxidative pathway. It may or may 
not be further oxidized, according to the many factors which influence 
catabolic versus anabolic reactions. For example, if pyruvate were utilized 
mainly for alanine and other amino acid syntheses, little CO, would be 
formed from it, and it might be concluded that the Embden-Meyerhof 
pathway was non-operative if CQ, yields from labeled glucose were being 
used to measure the relative contribution of different pathways to glucose 
metabolism. Similarly, the yield of CO, derived from glucose-6-C™ by 
the Embden-Meyerhof pathway and the Krebs cycle could be very low if 
the acetyl unit formed from pyruvate were largely condensed to fatty acids. 
This, too, might give an erroneous idea of the extent of this pathway. 
These and similar interfering reactions should have no effect on the relative 
specific activity of the different carbon atoms in lactate when glucose- 
2,6-C™ is injected as in these experiments. However, there are some as- 
sumptions made in this type of experiment. They are as follows. 

The phosphogluconate oxidation scheme leads to no net accumulation 
of intermediates above the level of triose phosphate. If pentose phosphate 
(free or combined), heptose phosphate, or hexose phosphate piled up, 
equilibration with lactate might be prevented, and the lactate would not 
mirror the changes produced in the oxidative pathway. 

The triose phosphates become equilibrated as the various reactions occur. 
If they did not, the distribution of radioactivity in lactate would not be 
representative of the changes produced by the combined action of the two 
pathways. Such a lack of equilibration has been observed in the synthesis 
of glycogen from glycerol in intact rats (19), but a similar phenomenon in 
going from hexose phosphate to the 3-carbon intermediates has not been 
reported. 

There is no block in the freely reversible reaction sequence, hexose di- 
phosphate = pyruvate. The rapid appearance of label in lactate from 
any type of labeled glucose suggests that such a block does not occur. 

If these assumptions are valid, the contribution of phosphogluconate 
oxidation to the total metabolism of glucose may still represent a minimal 
value. In this short period, all the intermediates in the phosphogluconate 
oxidation scheme may not have acquired a steady state distribution of 
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radioactivity (be it high or low) among the different carbon atoms, while 
the Embden-Meyerhof intermediates may have done so. Then the dif. 
ference here observed between the a- and §-carbons of lactate should be- 
come even greater with time. Experiments wherein the time of freezing 
the tissue is delayed might clarify this point. 


SUMMARY 


1. A method has been developed for studying metabolic reactions occur- 
ring in liver in vivo, by use of brief intraportal injection periods, and by 
rapidly extirpating the liver and analyzing its tissue constituents. 

2. During a 20 second injection period and the subsequent 70 seconds, 
while the liver is being removed and prepared for freezing, glucose-6-phos- 
phate and lactate acquire on the average one-fifth and one-fiftieth, 
respectively, of the radioactivity of the injected glucose. 

3. A pathway for the oxidation of glucose other than by the conventional 
Embden-Meyerhof pathway and the Krebs cycle has been shown to occur 
in rat liver in vivo. 

4. Data derived from the injection of variously labeled glucose are con- 
sistent with the simultaneous operation of the phosphogluconate oxidation 
scheme and the Embden-Meyerhof pathway. 

5. An estimate of the extent to which each of these pathways partici- 
pates in the metabolism of glucose has been made from data obtained on 
the redistribution of radioactivity among the carbon atoms of lactate when 
glucose-2 ,6-C™ is injected. From such data the contribution of phospho- 
gluconate oxidation was calculated to be between 29 and 38 per cent. 
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THE METABOLISM OF GLUCOSE IN THE 
PERFUSED RAT LIVER* 
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A number of reports have been published in recent years in which the 
importance of the phosphogluconate oxidation pathway for glucose me- 
tabolism in rat liver slices (1-3) has been assessed. Previous work in this 
laboratory has demonstrated the occurrence in vivo in rat liver of a path- 
way other than the Embden-Meyerhof pathway for the metabolism of 
glucose (4). In using the data from these experiments to measure quan- 
titatively the amount of glucose metabolized by each pathway, certain 
assumptions were made, the validity of which was not known with cer- 
tainty. Others have attempted to make similar estimates by comparing 
the contribution of variously labeled glucose to CO: in liverslices. These 
studies have involved calculations based on assumptions which are open to 
considerable question (5). 

In the work herein reported, rat livers were perfused with fresh rat blood 
containing equal amounts of C™ in either the 1, 2, or 6 position of glucose. 
The blood was not recirculated. The relative amounts of glucose oxidized 
by the Embden-Meyerhof pathway and the phosphogluconate oxidation 
pathway are calculated from the C“QO, produced by liver perfused success- 
ively with glucose-6-C™, glucose-1-C“, and glucose-6-C’. The results 
indicate that approximately equal amounts of glucose are oxidized to CO: 
via each pathway. Data regarding the randomization of the 2 position of 
glucose were obtained by isolating and degrading the tissue lactic acid and 
the venous blood glucose after the perfusion of glucose-2-C™. 


Methods 


Male rats, 200 to 250 gm., were anesthetized with Amytal, 15 mg. per 
100 gm. of body weight, injected intraperitoneally. The liver was isolated 
and perfused in situ as described by Lundsgaard et al. (6), except that the 
venous cannula was inserted into the inferior vena cava through the right 


* This work was aided by grants from the Atomic Energy Commission and the 
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atrium. The livers were perfused at a rate of 7.0 ml. per minute which 
maintained a pressure of 18 to 20 cm. of H:O. The time from ligation of 
the hepatic artery to the start of the perfusion was less than 60 seconds, 
The liver was kept moist with 0.12 m NaCl and maintained at 37°. 

The blood for each perfusion was obtained by exsanguinating approxi- 
mately 100 male rats through the abdominal aorta and was defibrinated 
and used immediately. In order to diminish glycolysis and the oxidation of 
glucose by the red cells, the blood was cooled to 5° and maintained at this 
temperature during the experiments. The blood was oxygenated with 
95 per cent O2-5 per cent CO.. A small stream of the O.-CO2 mixture was 
passed through the blood in the reservoirs during the course of the experi- 
ment to maintain the O.-CO, content constant and to prevent the red 
cells from settling. The C-labeled glucose was the same as that used 
previously (4). The specific activity of the blood glucose was adjusted 
to the same value for each type of labeled sugar and the concentration of 
glucose was also identical. The blood flowed from the refrigerated reser- 
voir through a constant temperature bath, warming it to 37°. The per- 
fusion apparatus also included a drip bulb for controlling the rate of flow 
and a manometer to indicate the perfusion pressure. In the combined 
perfusion experiments, when the liver was perfused successively with 
glucose-6-C™, glucose-1-C™, and glucose-6-C™“, three separate perfusion 
systems were used, joined at the point where they connected to the perfus- 
ing cannula. A 3-way stopcock facilitated the instantaneous change in 
the perfusing blood containing the differently labeled glucose. 

All the blood samples were collected in oiled 10 ml. syringes in a closed 
system without affecting the pressure or rate of perfusion. Upon ob- 
taining a sample, several drops of mercury were added to the syringe to 
facilitate mixing. The syringes were capped and placed in an ice water 
bath. Repeated control “arterial” samples, drawn just proximal to the 
perfusing cannula, were collected throughout the experiments. The 
“venous” samples were drawn through a 3-way stopcock just distal to the 
draining cannula in the inferior vena cava. The blood was drained into 
iced containers in the experiments in which the venous blood glucose 
was isolated. There was no change in the rate of perfusion when blood 
from one reservoir was substituted for blood from another reservoir. 

The specific activity of the blood C“O, was determined in the following 
manner. The blood in the sealed syringes was trensferred, without ex- 
posure to air, to an evacuated flask connected to a high vacuum gas mani- 
fold. The flask contained 25 ml. of 5 per cent perchloric acid and several 
drops of octyl aleohol. The quantity of gas was measured in the manifold 
and transferred to gas phase counting tubes for determination of specific 
activity (7). 
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Blood oxygen and carbon dioxide determinations were made by the 
method of Van Slyke and Neill (8). The total radioactivity in the blood 
other than that in the CO, was determined by wet combustion (9) of an 
aliquot of a ZnSO,-Ba(OH), filtrate of the blood. Blood glucose deter- 
minations were also made on aliquots of these filtrates (10). Venous blood 
glucose was isolated from a barium-cadmium filtrate of blood. This 
filtrate was taken to dryness, extracted repeatedly with absolute ethyl 
aleohol, taken to dryness, and redissolved in water. This solution was 
passed through an anion-cation exchange column consisting of a layer of 
Duolite A-4 (OH form) under a layer of Duolite C-3 (H* form). The 
neutral effluent was concentrated and the glucose in it was degraded by 
fermentation with Leuconostoc mesenteroides with a slight modification of 
the method of Bernstein et al. (11). Control degradations were carried 
out on the stock glucose C™ which had been added to the blood. Tissue 
lactic acid was isolated at the end of the perfusion and degraded as pre- 
viously described (4). 


Results 


Rat livers perfused in the described manner are actively metabolizing 
tissues. The ‘‘arterial-venous” differences for O2 and CO, from three ex- 
periments are shown in Table I. A decrease in the oxygen consumption 
occurred when the rate of perfusion decreased below 5.5 ml. per minute 
in an 8.0 gm. liver in Experiment 1. The O2 consumption in the per- 
fused liver was higher than Krebs found for liver slices (3.8 umoles per gm. 
per minute) in a glucose-lactate-bicarbonate buffer. The respiratory 
quotient was low, ranging from 0.588 to 0.805. 

Perfused rat liver, like perfused cat liver (12), produces considerable 
glucose. The output of glucose is greatest early in the perfusion and then 
gradually decreases. The arterial blood glucose was constant when the 
reservoirs were maintained below 10°, indicating that there was little 
glucose metabolism by the blood cells (Table II). In spite of the net 
production of glucose by the liver, labeled glucose from the arterial blood 
was taken up by the liver and metabolized. In Experiment 5 (Fig. 1) 
there was a difference of 3.65 per cent of the activity in the arterial and 
venous blood as determined on the total carbon of the ZnSO,-Ba(OH). 
filtrates of the arterial and venous blood (range, 3.54 per cent to 3.74 per 
cent). Of the activity removed by the liver, 19 per cent of activity of 
glucose-6-C™ and 31 per cent of glucose-1-C™ were recovered in the COs. 
However, as calculated from the radioactivity and total CO, only a small 
fraction of the CO, produced by the liver was derived from the labeled 
position of the glucose; 2.45 per cent of the total CO, produced by the 
liver arose from the 1 position of the glucose-1-C™ and 0.97 per cent from 
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the 6 position of the glucose-6-C“. These data are consistent with the | 4 
theory that the liver derives most of its energy from sources other than pl 
glucose. 
gl 
TABLE I 
O.-CO; Data from Three Experiments 
Experiment | Blood flow | Time aco, | | 
ml. per min. min. mmoles perl. | mmoles per | Fama? 
1 5.5 17 6.35 4.43 0.698 5.1 
5.0 35 6.36 4.96 0.790 4.6 
3.1 98 6.76 4.10 0.607 3.0 
7.0 126 5.57 4.64 0.805 5.6 
2 7.0 43 5.32 3.63 0.684 5.1 
7.0 110 4.12 2.58 0.653 4.0 
7.0 138 4.38 3.06 0.697 4.2 
3 7.0 41 6.46 3.80 0.588 5.6 
7.0 102 6.31 4.0 0.633 5.5 
7.0 158 5.83 3.66 0.628 5.1 
TaBLeE II f 
Arterial and Venous Blood Glucose Values I 
Time Arterial Venous 
min. mg. per cent mg. per cent 
Experiment 4* 
45 68.4 86.2 
75 64.2 79.1 
110 62.4 74.3 
138 60.0 67.2 
Experiment 5 
14 103 129 
51 103 123 
75 103 122 
130 103 116 
164 103 112 
* The reservoir of arterial blood was not refrigerated in Experiment 4. 
The specific activities of the C“O, produced by the liver in a typical 


experiment are shown graphically in Fig. 1 and Table III. Since the ar- 
terial blood glucose concentration and C™ activity were the same for the 
two types of labeled sugars, the changes that occur result solely from the 
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differential metabolism of the 1 and 6 positions of glucose to CO... The 
plateau of the specific activity of the C“O, during the 40 to 67 minute 
period represents the maximal rate of conversion of the 6 position of 
glucose-6-C™ to CO: from glucose oxidized by both the Embden-Meyerhof 
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Fic. 1. Specific activity of the C'*O, produced by rat liver when successively per- 
fused with glucose-6-C™ (Ge), glucose-1-C™ (G;), and glucose-6-C™ (G¢) ; 6000 c.p.m. 
per ml. of arterial blood (Experiment 5). 


III 
CO, Data; Experiment & 

venous | from blood | CO#from liver | from liver 
min. c.p.m. per mmole | mmoles perl. of blood| c.p.m. per mmole 

41 A 210 

47 V 1932 3.80 11,100 
117 A 2370 
119 Vv 5721 4.00 21,700 
160 A 213 
164 V 1792 3.66 11,500 


* Specific activity of CO. from liver is a calculated value based on the arterial, 
venous differences of CO, and CO; produced by the liver. 


and phosphogluconate oxidation pathways. During this time an approxi- 
mate steady state is established in the various intermediate dilutions of 
C™ that occur in the numerous pathways affecting the C™ concentrations 
inCO,. The rapid increase that takes place immediately after the change 
to glucose-1-C™ occurs because of the conversion of carbon 1 of glucose-1- 
C™ to C“O, by the phosphogluconate oxidation pathway superimposed on 
the continued conversion to C“O, of various intermediates derived from 
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glucose-6-C™ via both pathways. Thus the amount of glucose oxidized by 
the phosphogluconate oxidation pathway is represented by the maxima] 
increase, B, that occurs after the change to glucose-1-C™. Other studies 
have shown that, during the short time interval in which the increase, B, 
occurred, there was no significant decrease in the CO, from the 6 position, 
For example, the plateau remains approximately constant for 10 minutes 
if the glucose-6-C™ is replaced with unlabeled glucose. Following the 
abrupt rise to B, there is a gradual fall in the activity of the CO: as the per. 
fusion with the glucose-1-C™ is continued, and then the activity reaches a 
plateau again. The decrease, A’, that occurs after the initial peak is due 
to the gradual decrease in the activity of intermediates derived from the 
glucose-6-C“. Theoretically there is no change in the activity contributed 
to the C“O, by the Embden-Meyerhof pathway, since it is assumed that 
the 1 and 6 positions participate equally. Thus, as the activity derived 
from the 6 position decreases, that from the 1 position increases proportion- 
ally in the Embden-Meyerhof pathway. Hence the decrease, A’, repre- 
sents the contribution of CO. which had been occurring from glucose-6- 
C* via the phosphogluconate oxidation pathway. 

There is a rapid decrease in the specific activity of the C“O2 when the 
perfusion of glucose-1-C™ is changed to glucose-6-C™ because the direct 
formation of CO, from the 1 position of glucose via the phosphogluconate 
oxidation pathway is now eliminated. The decrease, B’, thus represents 
the contribution of the 1 position of glucose to CO: via the phosphoglu- 
conate pathway, and B equals B’. The rapidity of the changes B and B’ 
indicate the relatively small pools of intermediates in the early stages of the 
phosphogluconate oxidation pathway. The minimal value, C, obtained 
after the switch back to glucose-6-C™, represents the amount of the 1 
position of glucose which goes to CO, via the Embden-Meyerhof pathway. 
There is no contribution of C™ by the phosphogluconate oxidation path- 
way to CO, at this time, as the incoming glucose is now labeling the 
hexose phosphates in the 6 position and the intermediates of the phospho- 
gluconate oxidation pathway would not be labeled with C™ in this short 
period. The increase in the specific activity of the CO, to the original 
plateau level is due to the contribution of the 6 position to C“O, from the 
intermediates of the phosphogluconate oxidation pathway which gradu- 
ally reach a steady state of C™ activity. A thus equals the contribution 
to C“O. from the glucose-6-C™ via the phosphogluconate oxidation path- 
way, and A equals A’. It should be noted that the specific activity of the 
CO, produced by the liver at the 150 to 165 minute period is the same 
as that produced at the 50 to 67 minute period. 

In calculating the relative amount of glucose oxidized via each of the 
two pathways, it is assumed that the contribution to COz2 of the 6 position 
of the glucose by each pathway is proportional to the total amount oxidized 
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via each route. This involves the assumption that the dilution of C™ 
in formation of CO from the 6 position is the same in each pathway. Since 
glyceraldehyde phosphate is formed from the 6 position in the two path- 
ways, the dilution of the C™ should be the same from this point onward. 
Prior to that point there could be differences, the extent of which are 
unknown. Thus, A = A’ = specific activity of the C“O, contributed by 
position 6 solely via the phosphogluconate oxidation pathway; B = B’ = 
specific activity of the CO, contributed by the position 1 solely via the 
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Fia. 2. Specific activity of the CO; produced by rat liver when perfused with 
glucose-1-C* (G,) and glucose-2-C™ (G2); 6000 c.p.m. per ml. of arterial blood. 


phosphogluconate oxidation pathway; C = specific activity of the C“O, 
contributed by position 1 or 6 solely via the Embden-Meyerhof pathway. 


A = 6,425 c.p.m. per mmole CO, 
A’ an 6,300 ‘6 
Average an 6,360 6 
B on 16,900 66 ‘6 
Average = 16,760 “ ‘“ 


The per cent oxidized via the Embden-Meyerhof pathway equals 


EMP C 5075 
The present results give a comparison of the oxidation to COz2, but indicate 
nothing about the amounts of glucose metabolized in synthetic reactions. 
The specific activities of the C“O. produced when only glucose-1-C™ 
or glucose-2-C™ is perfused are shown in Fig. 2. It should be noted that 
the values are lower with glucose-2-C™, 
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The data from the degradation of the venous blood glucose when rat 
livers were perfused with glucose-2-C™ are shown in Table IV. There wag 
some randomization of C™“, but most of the activity is in the 2 position, 
This is because a large fraction of the glucose-2-C™ never entered the liver 
cells during the perfusion, and thus only a small fraction of the glucose-C™ 


TaBLe IV 
Randomization of Isotope during Perfusion of Glucose-2-C'4* 
The values are given in per cent of total activity present in each position. 


Position of Experiment 6 Experiment 7 

Sample 1 Sample 2 Sample 1 Sample 2 

1 0.00 0.77 0.66 0.82 1.20 

2 99.3 96.8 96.2 97.4 94.9 

3 0.43 1.11 1.00 1.21 1.37 

4 0.04 0.04 0.46 0.31 0.99 

5 0.04 1.11 1.15 0.14 1.10 

6 0.13 0.10 0.55 0.14 0.32 


* Radioactivity of each carbon was determined by L. mesenteroides fermentation, 
followed by chemical degradation of the products (11). In eachexperiment, Sample 1 
represents the venous blood collected during the Ist 30 minutes, and Sample 2 that 
collected during the second 30 minute period. 


TABLE V 
Degradation of Tissue Lactic Acid after Perfusion of Glucose-2-C'* 
The values are given in per cent of total activity. 


Experiment No. 
Position of lactic acid 
6 7 8 9 10 
COOH 5.6 1.0 8.8 2.0 7.8 
a 81 74 78 85 78 
B 13 25 16 12.5 14 


* Rat livers were perfused for 60 minutes. The lactic acid was isolated from the 
liver at the end of the perfusion as previously described (4). 


in the venous blood is of metabolic origin. There was an increase in the 
randomization in the second sample from each experiment, particularly 
in carbons 4 and 6, as the intermediates acquired their maximal specific 
activity. The C moved predominantly from the 2 position of glucose to 
the 1 and 3 positions of the glucose produced by the liver. 

The randomization of the 2 position of glucose is also shown by the 
tissue lactic acid (Table V). The movement to the @ position of tissue 
lactate is considerably greater than the movement to the carboxy] position. 


| 
‘ 
( 
Z 


J. R. MURPHY AND J. A. MUNTZ 995 


DISCUSSION 


These experiments were carried out in the whole organ perfused with 
relatively normal blood containing physiological concentrations of sub- 
strates. The method has the following advantages: (a) the liver is pre- 
sented with a constant supply of glucose with constant radioactivity in a 
given position, since newly formed glucose is not recirculated; (b) products 
of glucose metabolism such as lactic acid which may appear in the blood 
are not recirculated and thus do not affect the metabolism; (c) there are no 
abnormal (high) concentrations of substrates which might alter the man- 
ner in which they are metabolized by liver tissue. It is possible to ap- 
proach a true steady state with respect to C™, since the intermediates con- 
cerned acquire the maximal radioactivity at a given glucose load and the 
CO, reflects more truly the metabolism of glucose. 

The advantage of the measurement is that C' in Fig. 1 appears to repre- 
sent oxidation of glucose-1-C“ by the Embden-Meyerhof pathway un- 
affected by the phosphogluconic oxidation pathway. This is a value 
which has heretofore not been observed experimentally. On the assump- 
tions that the 1 position is equivalent to the 6 position in the Embden- 
Meyerhof pathway, that the 6 position is converted to triose phosphate in 
both pathways, and that the triose phosphate pools mix in both pathways, 
the calculation is not influenced by dilutions or losses beyond the tri- 
ose level. The disadvantage is that any CO, that arises from glucose- 
6-C at A’ (Fig. 1) is ascribed to the phosphogluconic oxidation pathway. 
Thus, if the 6 position of glucose is oxidized by some mechanism to COz 
via the Embden-Meyerhof pathway in preference to the 1 position, then 
this will weigh the calculation in favor of the phosphogluconic oxidation 
pathway. 

In common with other calculations based on the activity in the COs, 
this calculation only compares the pathways in oxidative metabolism. 
The relative role of the pathways in synthesis is not determined. For 
example, the Embden-Meyerhof pathway may turn over rapidly in the 
synthesis of glycogen or glycerol, and this activity would not be included 
in the Embden-Meyerhof activity in our calculation. 

The basic assumption is that the contribution of the 6 position via each 
of the two pathways to CO; is proportional to the total amount of glucose 
oxidized via each pathway. However, if there is an intermediate contain- 
ing position 6 of the original glucose which is an end product or leaves the 
liver, or the dilution differs prior to the triose level, the estimation of the 
relative amount oxidized by the two pathways will be in error. 

The data from the degradation of the tissue lactic acid and venous | 
blood glucose show that there is considerable randomization of the C™. 
The lactate has the majority of the C™ in the a-carbon. However, the B- 
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carbon has considerable activity that may result in part from equilibration 
with C, dicarboxylic acids or via randomization in the Krebs cycle. The 
activity in the carboxy] carbon also may arise via the Krebs cycle. Since 
the lactate has highest activity in the a-carbon, the triose phosphate would 
be expected to have somewhat similar labeling. The activity in carbons 
4, 5, and 6 of the glucose would be expected to arise by conversion of the 
triose phosphate to hexose through the Embden-Meyerhof pathway. If 
this occurred, the 5 position of glucose should have high activity compared 
to positions 4 and 6 which are similar to the lactate. This distribution did 
not occur and thus there is some doubt as to the mechanism by which car- 
bons 4, 5, and 6 acquired labeling. The activity in carbons 1 and 3 can be 
accounted for by mechanisms of the phosphogluconic oxidation pathway 
as described by others (2, 13, 14). It should be pointed out that some of 
the randomization of the C™ in the venous glucose could be the result of the 
metabolism of the red blood cells. 

It is interesting to speculate that there may be wide variations in the 
relative amounts of glucose oxidized by these two pathways. Certainly 
different observers have obtained wide variations in the relative quantities 
of glucose oxidized by the two pathways under varying experimental con- 
ditions. The phosphogluconic oxidation pathway is dependent on tri- 
phosphopyridine nucleotide, and the Embden-Meyerhof pathway on diphos- 
phopyridine nucleotide. The availability of either of these coenzymes 
might influence the activity of either pathway. The requirements for 
substances synthesized by liver might also affect the activity in either 
pathway. 


SUMMARY 


1. A technique for studying the perfused rat liver is described. 

2. A small fraction of the total CO2 produced by the perfused rat liver 
originates directly from glucose via the Embden-Meyerhof and phospho- 
gluconate oxidation pathways. 

3. The relative contribution of each pathway to glucose oxidized is de- 
termined by observing directly the activity in C™“O, produced in the 
steady state while either glucose-1-C™ or glucose-6-C™ is perfused in the 
same liver. The phosphogluconate oxidation pathway is estimated to 
account for 56 per cent of the glucose oxidized in the perfused rat liver. 
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INHIBITION OF ENZYMES BY PHENYLMERCURY 
COMPOUNDS* 


By SISTER MARIE AUGUSTINE SMALT,f CORNELIUS W. KREKE, 
AND ELTON S. COOK 


(From the Division of Chemistry and Biochemistry, Institutum 
Divi Thomae, Cincinnati, Ohio) 
(Received for publication, July 2, 1956) 


Cytochrome oxidase and catalase are not regarded as sulfhydryl-de- 
pendent enzymes (1). The inhibition of the former by organic mercurial 
compounds (2) has been thought to involve denaturation (3) rather than 
interaction with sulfhydryl groups, and it has been suggested that the 
mercurial inhibition of catalase is also non-specific (4). Because the pro- 
tein molecule contains reactive groups other than sulfhydryl, it is conceiv- 
able that the mercurial compounds might inhibit by interaction with such 
groups. Therefore, we have tested the ease of reaction of the phenyl- 
mercury ion with such groups in simple compounds. The resulting mer- 
cury compounds have, in turn, been compared to phenylmercury hydroxide 
for their effects on the cytochrome oxidase, succinic dehydrogenase, and 
succinoxidase systems. 


EXPERIMENTAL 


Methods—Manometric procedures for cytochrome oxidase (2) and suc- 
cinoxidase (5) and the Thunberg procedure for succinic dehydrogenase 
(5) were carried out as described by us previously. 

Materials—Cytochrome c was obtained from the Nutritional Biochemi- 
cals Corporation, and rat heart extract in phosphate buffer, pH 7.2, was 
the source of the enzymes. 

Phenylmercuric hydroxide (Hamilton Laboratories, Inc.) had, after re- 
peated crystallization from water, a corrected melting point of 225-227° 
(Grave et al., 224—225° (6); and Schramm, 226—227° (7)). 


Calculated, Hg 68.07; found, Hg 67.89 


Glycylglycine was obtained from the Sigma Chemical Company, and 
the amino acids and other chemicals from the Distillation Products Indus- 
tries. 

The new compounds given below were prepared. All the analyses of 

* Presented, in part, before the Division of Biological Chemistry at the 127th meet- 


ing of the American Chemical Society, Cincinnati, March 31, 1955. 
t Present address, Nazareth College, Rochester, New York. 
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mercury were made by the method of Pierce (8). All melting points ar 
corrected. 

Phenylmercuric u-Leucinate—Phenylmercuric hydroxide (5.9 gm.) was | 
refluxed for 6 hours with 2.6 gm. of L-leucine in 200 ml. of water. After 
recrystallization from hot 95 per cent ethanol, the white crystals melted 
at 202-203°. 


Ci2H1702.NHg. Calculated, Hg 49.20; found, Hg 49.22 


Phenylmercuric Phenylalanate—Phenylmercuric hydroxide (5.9 gm.) was 
refluxed with 3.3 gm. pL-phenylalanine for 6 hours in 200 ml. of water. 
After recrystallization from hot 95 per cent ethanol, the white crystals 
melted at 208-209°. 


CisH:1sO2NHg. Calculated, Hg 45.19; found, Hg 44.91 
Phenylmercuric Glycylglycinate—Glycylglycine (1.3 gm.) was dissolved in 
10 ml. of water. The addition of 2.95 gm. of phenylmercuric hydroxide 
gave a soft white product which, after washing with 200 ml. of hot 95 per 
cent ethanol on a steam bath and drying with ether, melted with decom- 
position at 162-163°. 
C10H1203N:2Hg. Calculated, Hg 49.07; found, Hg 49.75 


Phenylmercury Aniline—Redistilled aniline (2.9 gm.) was dissolved in 
100 ml. of 95 per cent ethanol, 5.9 gm. of phenylmercuric hydroxide were 
added, and the mixture was refluxed on a steam bath. The pale yellow 
crystals, washed in 95 per cent ethanol and dried in air, melted at 106-107°. 


C12H1:NHg. Calculated, Hg 54.24; found, Hg 54.59 


Phenylmercuric Phenolate—Phenol (2 gm.) and 2.95 gm. of phenylmer- 
curic hydroxide (2 moles) were heated in a small amount of water. After 
filtering the undissolved phenylmercuric hydroxide, the addition of 200 
ml. of water brought down a white precipitate which, recrystallized from 
boiling water, melted at 133-135°. 


Ci2HipOHg. Calculated, Hg 54.09; found, Hg 54.88 
The following compounds, previously reported (9, 10), were also pre- 
pared. 
Phenylmercuric Acetamide—Melting point, 159-162° (Kharasch ” re- 
ports 164—165°). 


CsH,ONHg. Calculated, Hg 59.75; found, Hg 59.29 


Phenylmercuric Benzamide—Melting point 168-171° (Kharasch (9), 154- 
158° for “nearly pure’? compound). 


Ci3Hi1,ONHg. Calculated, Hg 50.42; found, Hg 50.65 


| 


M. A. SMALT, C. W. KREKE, AND E. 8S. COOK 1001 


Phenylmercuric Succinimide—Melting point 191—192° (Andersen (10) re- 
ports no melting point). 
CioH,O.NHg. Calculated, Hg 53.32; found, Hg 53.30 


Phenylmercuric Phthalimide—Melting point 212-213° (Andersen (10), 
210-212°). 
Ciy.H,O.2NHg. Calculated, Hg 47.40; found, Hg 47.26 


The infrared absorption spectra of all of these compounds, which were 
determined in Nujol mulls by Mr. William Blum of the Distillation Prod- 
ucts Industries, will be reported separately. The spectra confirm the 
structures assumed; 7.e., all the compounds are monosubstituted; all car- 
boxyl compounds are salts; the phenylmercury is linked to nitrogen in the 
aniline, amide, and imide compounds, and to oxygen in the phenolate. 


RESULTS AND DISCUSSION 


The inhibitory effects of the mercurial compounds on the cytochrome 
oxidase and succinoxidase systems are shown in Table I and on succinic 
dehydrogenase in Table II. In addition to these compounds, an equimolar 
mixture of phenylmercuric hydroxide and egg albumin (with an assumed 
molecular weight of 43,000) was also investigated and appears in Tables 
Iand II. All compounds readily inhibit the enzyme activities and, for the 
most part, the inhibitions are similar in magnitude to those caused by 
phenylmercuric hydroxide. The phthalimide derivative is uniformly the 
least effective inhibitor among the compounds, and the succinimide com- 
pound is also usually less effective than the other compounds. Addition of 
egg albumin to phenylmercuric hydroxide drastically lowers its inhibitory 
ability. 

These results would be expected if the majority of the compounds were 
readily dissociated so that the effective inhibitor was essentially the phenyl- 
mercuric ion, as was the case with the parent phenylmercuric hydroxide. 
The ready dissociation of the compounds was demonstrated when attempts 
were made to subject them to paper chromatography in neutral as well as 
in acidic and basic solvents. Chromatograms of the leucinate, phenyl- 
alanate, and glycylglycinate, for example, developed with ninhydrin, gave 
Ry values identical with the corresponding amino acid component, whereas 
development with diphenylthiocarbazone gave independent spots on the 
solvent front identical with that obtained from phenylmercuric hydroxide. 
The amide, phenol, and aniline derivatives also showed ready dissociability 
in attempts at paper chromatography. On the other hand, the phthal- 
imide and succinimide derivatives did not give evidence of such ready dis- 
sociability. This last observation is consonant with the generally lesser 
effectiveness of these compounds as enzyme inhibitors. It is also in agree- 
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Per Cent Depression of Cytochrome Oxidase (Cyt.) and Succinozidase 


(Suc.) Systems by Mercurial Compounds : 
Concentration, m X 107¢ 
Phenylmercuric compound 160 63 31 16 7.8 3.9 : 
Cyt. | Suc. | Cyt.| Suc. | Cyt.| Suc. | Cyt.| Suc. | Cyt.} Suc. | Cyt.} Suc. |: 
| 
Hydroxide............... 81* 63 | 100 88 48 | 25 | 20 | 19] 3 9 
Phenylalanate........... 83 72 | 99 | 33 | 86 40 | 8| 14 5 
u-Leucinate............. 91 85 | 99 | 12 | 88 50 | 19 | 20 
Glycylglycinate.......... 98 84 51 | 91 79 | 19 | 35 é 
Acetamide.............. 87 59 38 | 97 66 | 19 | 31 ‘ 
Benzamide.............. 90 53 | 96 | 21 | 76 37} 3/11 3 
Phenolate............... 80 51| 96 | 19 | 94 53 | 4] 19 
es 72 49 15 | 88 50 | 19 | 28 
Succinimide............. 85 51 | 96] 11 | 89 41] 3| 18 
Phthalimide............. 52 |97/35| 56| 19] 19 9 | 
Hydroxide and egg albu- 
min (equimolar)....... 4 2 


* Hydroxide, 230 X 10-* m; depressed cytochrome oxidase, 94 per cent. 


TaBLeE II 
Per Cent Depression of Succinic Dehydrogenase System by Mercurial Compounds 
Concentration, 10-5 
Phenylmercuric compound 
50 25 17 13 8.5 6.8 33 

Phenylalanate.................... 99 82 60 20 14 
99 85 60 19 14 
Glycylglycinate.................... 82 64 18 
necks 98 67 51 34 9 
100 85 67 17 
Succinimide....................... 92 73 21 16 25 
Phthalimide.................0.000- 35* 3 3 0 
Hydroxide and egg albumin (equi- 

molar).............. 15 12 


* Insolubility required the use of a suspension. Incubation with the suspension 


for 1 hour gave 45 per cent depression. 


ment with the finding of Whitmore from measurements of conductivity 
(11) that the linkage —Hg—N of imides is more stable than the —Hg—NH 
of the corresponding amides. Our results indicate, however, a firm bind- 


ing of the mercury by egg albumin. 
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Therefore, it would seem that, although the phenylmercury ion can com- 
bine readily stoichiometrically with carboxyl, amino, phenol, and amide 
groups, such unions are easily broken and presumably would not account 
solely for the inhibition of enzymes which contain these groups. This 
accounts for our earlier failure to protect against the mercurial inhibition 
of cytochrome oxidase and yeast respiration (2, 12) and catalase (4) by 
large excesses of amino acids other than those containing sulfhydryl] groups. 
For enzymes not containing essential sulfhydryl groups, the mercurial inter- 
action would appear to be non-specific, as previously proposed (3,4). The 
ready affinity of mercurial compounds for egg albumin with formation of 
a colloidal sol, and for amorphous proteins (2, 3), does not contradict this 
suggestion. 

The order of sensitivity of the enzyme systems to all of the mercurial 
compounds is succinoxidase > cytochrome oxidase > succinic dehydro- 
genase. This is in accord with our earlier observations on phenylmercuric 
hydroxide, basic phenylmercuric nitrate, and p-chloromercuribenzoate 
(2, 5), and with Slater’s observations on the last compound (13). The 
possible reasons for the greater sensitivity of the systems containing en- 
zymes not dependent upon sulfhydry] groups, as compared with sulfhydry]- 
dependent succinic dehydrogenase, have been discussed earlier (5). 


SUMMARY 


The following phenylmercuric compounds have been prepared and an- 
alyzed: phenylalanate, L-leucinate, glycylglycinate, aniline, phenolate, 
acetamide, benzamide, succinimide, and phthalimide. The first five are 
new compounds. 

With the exception of the phthalimide, to a lesser degree the succinimide, 
and to a very marked degree a mixture of phenylmercuric hydroxide and 
egg albumin, all compounds inhibit the succinoxidase, cytochrome oxidase, 
and succinic dehydrogenase systems to an extent quantitatively similar to 
phenylmercuric hydroxide. This and other evidence suggest that the 
most effective compounds dissociate readily and act on the enzymes as the 
phenylmercuric ion, probably in a non-specific manner. 

The order of sensitivity of the enzyme systems to all of the mercurial 
compounds is succinoxidase > cytochrome oxidase > succinic dehydro- 
genase. 
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BIOSYNTHESIS OF THE PURINES 


XII. STRUCTURE, ENZYMATIC SYNTHESIS, AND METABOLISM 
OF 5-AMINOIMIDAZOLE RIBOTIDE* 


By BRUCE LEVENBERGfT anp JOHN M. BUCHANAN 


(From the Division of Biochemistry, Department of Biology, Massachusetts Institute of 
Technology, Cambridge, Massachusetts) 


(Received for publication, July 11, 1956) 


The isolation and identification of two ribotide derivatives of glycinamide 
arising as products of enzymatic reactions of pigeon liver extract directed 
toward purine biosynthesis have recently been reported (2, 3). The com- 
pounds, glycinamide ribotide (GAR) and (a-N-formyl)-glycinamide ribo- 
tide (FGAR), were demonstrated to be intermediates in the synthesis of 
inosinic acid (IMP) de novo. With the aid of the antibiotic, L-azaserine, 
which exerted a strong inhibitory effect on purine formation at a step 
subsequent to the synthesis of FGAR, it was possible to accumulate rela- 
tively large amounts of the latter compound and to study its fate in further 
reactions of IMP biosynthesis (4). 

In this paper, evidence is presented for the reaction of FGAR with 
glutamine and adenosine triphosphate (ATP) to yield a new arylamine 
ribotide. This compound has been isolated and identified by chemical 
analysis as 5-aminoimidazole ribotide (AIR). 


Methods and Materials 


Chemical Determinations—The methods employed for the chemical 
analysis of AIR are identical to those described in Paper XI (4). Owing 
to the relative lability of AIR, it was necessary to carry out some of the 
analyses of this compound with freshly prepared solutions. 

Assay for Synthesis of AIR—The formation of AIR was conveniently 
followed by means of the reaction for arylamines as described by Bratton 
and Marshall (5), except that the volume of the aliquot of reaction mixture 
and the quantities of reagents used were one-tenth those originally recom- 
mended. Furthermore, the solutions were acidified with trichloroacetic 
acid (TCA) rather than with H,SO,. The enzymatic reaction, usually 


*A preliminary report of this work has been published (1). This work has been 
supported by grants-in-aid from the National Cancer Institute, National Institutes 
of Health, United States Public Health Service, the Damon Runyon Memorial Fund 
for Cancer Research, Inc., and the National Science Foundation. 

t United States Public Health Service Research Fellow of the National Institute 
of Neurological Diseases and Blindness (1954-55). 
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0.5 ml. in volume, was terminated by the addition of 0.2 ml. of 30 per 
cent TCA after the incubation vessels had been chilled briefly in an ic¢e 
bath. Denatured protein was removed by centrifugation. A suitable 
aliquot of the supernatant solution was transferred to a small test tube 
and diluted with water to 0.55 ml. in preparation for the arylamine deter- 
mination. The color which developed was read after } hour in the Beck- 
man model DU spectrophotometer fitted with an attachment for the use 
of microcells. ‘The measurement of the optical density was carried out at 


2.ir 


OPTICAL DENSITY 


o 


i iL i Jj 


i i 
400 450 500 550 600 
WAVE LENGTH (my) 


Fic. 1. Absorption spectra of the chromophores from the diazotization and coup- 
ling of 5-aminoimidazole ribotide (@) and 5-amino-4-imidazolecarboxamide ribotide 
(O). The Bratton and Marshall reaction (5) was performed as described under 
‘Methods and materials.’’ Absorption of light was measured with the use of the 
microcell attachment of the Beckman model DU spectrophotometer. 


500 my, the wave length at which the orange chromophore produced in 
this reaction absorbed maximally (see Fig. 1). This derivative of 5-amino- 
imidazole ribotide has a molecular extinction coefficient of 24,600. 

Assay for Synthesis of IMP from AIR—The method of Schulman, Sonne, 
and Buchanan (6) was used, with a slight modification, for the determi- 
nation of the extent of conversion of C'4-labeled AIR to IMP. The alter- 
ation in the procedure consisted of the replacement of most of the chloride 
content of the incubation mixture by an equivalent amount of sulfate ion. 
This obviated the necessity for the time-consuming recrystallization step 
heretofore employed. 

The source and preparation of many of the materials have been de- 
scribed in Paper XI (4). 
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Preparation of C'*-Labeled Ureidoimidazole Picrate—Unlabeled ureido- 
imidazole was prepared in methanolic solution from 5-aminoimidazole (7) 
and potassium cyanate by an adaptation of the procedure of Hunter and 
Hlynka (8). To this solution was added the reaction product of AIR-2-C™ 
and potassium cyanate obtained by a similar procedure. The mixture 
was lyophilized to dryness and the residue was extracted several times with 
water until most of the desired materials, as determined by the Pauly 
reaction, had been brought into solution. The derivative of AIR in this 
extract was hydrolyzed with 2 n HCl at 100° for 1 hour and the hydrolysate 
was placed on a Dowex 50 potassium column (0.8 X 11 cm.). Ureido- 
imidazole, which remained on the column, was then eluted with 0.015 m 
potassium phosphate buffer, pH 6.5. The ureidoimidazole-containing 
fractions were located with the Pauly reagent, pooled, and lyophilized to 
a small volume. Potassium ions were removed by careful addition of 
perchloric acid in the cold. To this acid solution, free of potassium ions, 
were added 65 mg. of picric acid. After chilling, the picrate was precipi- 
tated and recrystallized from a small volume of hot water; m.p. = 200- 
201° (uncorrected); m.p. reported by Hunter and Hlynka (8) = 200°. 
The ureidoimidazole picrate, which was plated for determination of radio- 
activity, was recrystallized from hot water before each succeeding deter- 
mination. 

EXPERIMENTAL 

An indication of the possible nature of chemical events taking place in 
the biosynthesis de novo of IMP subsequent to the formation of FGAR was 
first obtained from consideration of some of the factors involved in the 
metabolic reactions concerned with the completion of the purine ring sys- 
tem from the aliphatic ribotide. The requirement for aspartic acid, 
glutamine, and CO, in these reactions (3) with pigeon liver enzymes was 
in complete agreement with previous experiments with isotopic tracers 
which had demonstrated that N,, N3, and C. of the purines were derived 
metabolically from these substrates, respectively (9). It was found, in 
addition, that azaserine inhibited markedly the conversion of FGAR to 
IMP. Since GAR and FGAR were the only two intermediates shown to 
accumulate when pigeon liver enzymes were inhibited with azaserine (4), 
it was assumed that azaserine affected the synthesis of inosinic acid by 
blocking the enzymatic reaction concerned with the initial step of the 
further metabolism of FGAR. 

If the inhibitory effect of azaserine could be overcome by elevation of 
the concentration of any one of the above three substrates, it was felt that 
this substance would participate in the initial reaction of FGAR. The 
results of such an experiment are shown in Table I. 

It is seen that, of the three substrates which were necessary for the re- 
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action, the addition of glutamine at increased levels resulted in marked 
reduction of the inhibitory effect of azaserine. This finding provided 
evidence of an indirect nature that the introduction of what would corre- 
spond to nitrogen atom 3 of the purine ring contituted the first ‘group 
transfer” reaction in the further metabolism of FGAR. 

Direct experimental verification of this hypothesis was obtained by 
incubation of substrate quantities of FGAR with glutamine and ATP 
in the presence of an enzyme system of pigeon liver extract. The product 
of these reactions was a new arylamine ribotide which, upon reincubation 
with aspartic acid and a small amount of bicarbonate, was converted to 


TaBLeE I 
Ability of u-Glutamine to Overcome Inhibitory Action of L-Azaserine 
in Synthesis of IMP from FGAR 


Vessel No. |  Azaserine Glutamine | Aspartic acid | Fotassium Mp synthesized 

mmoles umoles umeles umoles umole 
1 15 15 15 0.30 
2 2.8 15 15 15 0.09 
3 2.8 15 75 15 0.08 
4 2.8 75 15 15 0.21 
5 2.8 15 15 75 0.09 
6 8.4 75 15 15 0.09 


Each vessel contained, in a final volume of 1.66 ml., the following amounts of ma- 
terials: 0.4 umole of Ba FGAR-1-C™; 30 umoles of sodium formate; 15 umoles of so- 
dium 3-phosphoglyceric acid; 20 uwmoles of 3 umoles of MgSO,; 12 umoles of 
sodium phosphate buffer, pH 7.4; “0 to 45’’ ethanol-precipitated enzyme, equivalent 
to 1.3 ml. of pigeon liver extract. The vessels were incubated for 1.5 hours at 38°. 
IMP was determined according to the procedure described under ‘‘Methods and 
materials.”’ 


IMP via the formation of 5-amino-4-imidazolecarboxamide ribotide. 

In the following section are described methods for the preparation of 
AIR from both glycine (7.e. synthesis de novo) and FGAR. For reasons 
not fully understood at present, the product prepared by incubation of 
pigeon liver enzymes with glycine was unstable when attempts were made 
to isolate it. However, when FGAR was used as substrate for the syn- 
thesis, the product, though unstable, could be isolated. With this latter 


procedure it has been possible to purify and characterize by chemical — 


analysis this new arylamine compound. 


Enzymatic Synthesis and Isolation of AIR 


Preparation of AIR de Novo—lIt was desirable for later enzymatic studies 
to develop a method of synthesis of AIR on a relatively large scale which 
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would obviate the need for the time-consuming preparation and isolation 
of FGAR and make use of substrates which were more readily available. 
Accordingly, the possibility of effecting the synthesis de novo of AIR was 
investigated. Owing to the presence of interfering enzymatic components 
in the “0 to 13” ethanol fraction of pigeon liver extract and to traces of 
substrates in this fraction which participate in the further metabolism of 
AIR, the synthesis of AIR de novo proved successful only after this lower 
enzyme fraction was omitted from the system employed. Under these 
circumstances, it became necessary to add substrate quantities of 5-phos- 
phoribosyl pyrophosphate (PRPP), the compound synthesized by a kinase 
present in the ‘0 to 15” ethanol fraction (10) and required for the initial 
ribotidation reaction in purine synthesis de novo (3). Although excellent 
formation of AIR was found to occur upon incubation of the enzymatic 
and chemical components described below, repeated attempts to isolate 
the product were unsuccessful. The following method has been of con- 
siderable use, however, in cases in which it was desired to prepare large 
quantities of AIR zn situ for use in the study of its further metabolic re- 
actions. 

Incubation Procedure—Each vessel contained, in a final volume of 60 ml., 
the following quantities of materials expressed in micromoles: glycine 375, 
L-glutamine 375, sodium PRPP 58, disodium ATP 29, sodium formate 
187, sodium 3-phosphoglycerate 560, sodium phosphate buffer, pH 7.4, 
1480, potassium chloride 4400, magnesium chloride 1850, and 310 mg. of 
lyophilized ‘‘13 to 33” ethanol fraction of pigeon liver extract (for prepara- 
tion of the enzyme system see the following section). 

Incubation was carried out for 1 hour at 38°. The solution, obtained 
after removal of protein by heat denaturation at 100°, contained approxi- 
mately 25 uwmoles of AIR per vessel. 


Preparation of AIR from FGAR 


Enzyme System—Pigeon liver extract was prepared from livers of freshly 
killed pigeons in the manner described in Paper I (6), with the exception 
that bicarbonate was omitted from the mixture of internal salts. The 
protein which precipitated at —6° from this extract upon addition of cold 
ethanol to a concentration of 13 per cent was removed by centrifugation. 
The supernatant solution was again treated with 90 per cent ethanol at 
—18° and the protein which precipitated between a concentration of 13 
and 33 per cent ethanol was removed by centrifugation, dissolved in a 
small volume of water, and lyophilized. The resulting ‘13 to 33” ethanol 
fraction remained active for several months when stored at —15°. 

Incubation Procedure—Each vessel contained, in a final volume of 17 
ml., the following quantities of materials, expressed in micromoles: the 

barium salt of FGAR-1-C™ 5, t-glutamine 190, disodium ATP 24, sodium 
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phosphate buffer, pH 7.4, 600, potassium sulfate 650, magnesium sulfate 
100, magnesium chloride 80, and 87 mg. of lyophilized ‘13 to 33” ethanol 
fraction of pigeon liver extract. 

Ten such vessels were incubated for 1 hour at 38° and the reaction 
mixtures were then pooled in one large flask. Protein was coagulated by 
heating the contents of the flask at 100° for 3.5 minutes. The suspension 
was chilled in an ice bath and the precipitated protein was removed by 
centrifugation at 3°. Based upon the FGAR added to the enzymatic 
system, the yield of AIR, as determined by performing the Bratton-Mar- 
shall reaction on an aliquot of the supernatant solution, was approximately 
80 per cent. 


Isolation of AIR by Chromatography and Preparation of Crude Barium Salt 


The supernatant solution from the deproteinized incubation mixture was 
adjusted to pH 8 with a few drops of 4 n KOH and then placed, in equal 
volumes, upon eleven columns of Dowex 1 acetate (0.8 & 11.4 cm.) at 3°. 
The resins were then washed with water and eluted rapidly with 0.04 u 
ammonium acetate buffer, pH 5.3. Fractions containing approximately 
20 ml. were collected manually. Suitable aliquots were then removed 
from each fraction and assayed for the presence of the arylamine com- 
pound. The pattern of elution of AIR from Dowex | acetate under these 
conditions is shown in Fig. 2. Fractions from all columns containing the 
amine were pooled and the resulting solution was rapidly concentrated in 
vacuo to 2 ml. in a “Rinco”’ laboratory evaporator.’ 

The barium salt of AIR was precipitated in impure form by the addition 
of 300 umoles of barium acetate and 38 ml. of absolute ethanol to the aryl- 
amine concentrate. The suspension was placed at —15° overnight and 
the precipitate was collected by centrifugation. It was washed once with 
90 per cent ethanol, once with ether, and dried in vacuo. 

Purification of Barium Salt—80 mg. of the crude barium salt were dis- 
solved in 28 ml. of 0.02 n HCl and this solution was placed upon a column 
of Dowex 50 sodium (2.5 X 3.8 cm.) at 3°. The major portion of the AIR 
applied to the resin passed through the column and was collected in the 
first fraction. The resin was washed briefly with 10 ml. of water and this 
second fraction was combined with that obtained initially. This proce- 
dure succeeded in removing glutamine (and perhaps glutamic acid), which 
was the chief impurity present in the initial product isolated as the barium 
salt. 

The pH of the solution was adjusted to 8 with a few drops of 4 n KOH 


1 Manufactured by the Rinco Instrument Company, Greenville, Illinois, and dis- 
tributed by the Aloe Scientific Division of the A. 8. Aloe Company, 5655 Kingsbury 
Street, St. Louis 12, Missouri. 
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and the AIR in this fraction was again isolated from a column of Dowex 1 
acetate (0.8 X 14 cm.) at 3° in a manner similar to that described above. 
The fractions of the eluate which contained arylamine were pooled and 
evaporated to 3 ml. as before. The barium salt which was obtained upon 
the addition of 50 umoles of barium acetate and 8 volumes of absolute eth- 
anol was permitted to precipitate overnight at —15°. It was collected 
by centrifugation, washed repeatedly with cold 95 per cent ethanol and 
finally with ether, and dried in vacuo over P205. The over-all yield of the 
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Fic. 2. Elution of AIR from a column of Dowex 1 acetate. The chromatographic 
methods used are described in the text. The buffer used for elution was 0.04 m am- 
monium acetate, pH 5.3. Elution of the arylamine ribotide was followed by reaction 
of an aliquot (usually 0.40 ml.) from each fraction with the reagents of Bratton and 
Marshall (5) as described under ‘‘Methods and materials.’’ Spectrophotometric 
measurement at 500 my was made of the chromophore produced by reaction of the 
Bratton and Marshall reagents with AIR. 


purified barium salt of AIR was 25 per cent (based upon the quantity of 
FGAR present in the incubation mixture). This material, which was pale 
green in color, was used for the chemical analyses reported below. 

It can be calculated on the basis of the molecular weight of the barium 
salt of AIR (assuming no water of hydration) that the two samples sub- 
jected to analysis were approximately 35 and 60 per cent pure, respectively. 
The losses encountered because of the considerable instability of this 
arylamine ribotide have hampered further attempts at removal of the re- 
maining impurities, which are believed to consist chiefly of inorganic salts. 

Analysis and Chemical Properties of AIR—Glycine, formic acid, and 
ammonia were found by Hunter and Nelson (7) to be liberated as products 
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of hydrolysis of the aminoimidazole structure in strongly acid or alkaline 
solutions. In their studies these substances appeared in the approximate 
molecular ratios of 1:1:2, respectively. By making use of this infor:na- 
tion, it has been possible to extend analytical studies upon AIR to include 
determinations of these products as well as of pentose, organic phosphate, 
and total nitrogen. 

The results of a chemical analysis of the components liberated upon 
hydrolysis of two different samples of the barium salt of AIR are shown 
in Table II. In the second and third columns these data are expressed 
on the basis of the number of micromoles of substances determined per 
mg. of Samples a and b, respectively. When these values are compared 


TaBLeE II 
Chemical Analysis of 5-Aminoimidazole Ribotide 
Ba salt of AIR Molecular ratio 
Analysis* 
Samplea Sample b Sample a Sample b 
pmoles per mg. | pmoles per mg. 
0.525 1.41 1.00 1.00 
0.552 1.80 1.05 1.26 
Acid-labile N................. 1.14 3.21 2.18 2.27 


* The methods of analysis are given under ‘‘Experimental.”’ 


to those of glycine taken as unity (or pentose, as in the case of Sample a), 
the results assume the characteristics of molecular ratios of the components 
to that of the glycine (or pentose) residue. These ratios are presented in 
the fourth and fifth columns of Table II. 

It is seen from the results reported here that glycine, formate, pentose, 
organic phosphate, acid-labile nitrogen, and total nitrogen were formed in 
the approximate molecular ratios of 1:1:1:1:2:3 as products of hydrolysis 
or combustion of AIR.” 


2 Since the sample was purified by chromatography on a Dowex 1 acetate column > 


and by precipitation by addition of barium acetate, it was possible that barium 
5-aminoimidazole ribotide could precipitate as the acetate salt. In order to test 
this, a sample was kindly assayed by Dr. J. C. Rabinowitz for its content of acetate 
by the enzymatic method of Rose et al. (11). It was found that the sample contained 
0.5 umole of acetate per umole of aminoimidazole ribotide. It was, therefore, diffi- 
cult to determine whether the acetate was present as an impurity or as a salt of the 
imidazole compound. 
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Further chemical evidence in support of the structure of AIR was ob- 
tained by the preparation of the ureido derivative of a sample of the ribo- 
tide which had been synthesized enzymatically from formyl-labeled FGAR 
and isolated by chromatography on Dowex 1 acetate. After admixture 
with synthetic, unlabeled ureidoimidazole as carrier, the ribotide was 
hydrolyzed and ureidoimidazole was isolated as the picrate by a proce- 
dure presented under ‘“‘Methods and materials.”” The specific activity of 
the picrate after each succeeding recrystallization remained essentially 
constant, as shown in Table III. 

Solutions of AIR, when freshly prepared, reacted with diazotized sul- 
fanilic acid in the Koessler and Hanke modification of the Pauly reaction 
(12) to produce an orange color which faded almost immediately. This 
was taken as an indication of a positive response, although the behavior 
of AIR in this test differed markedly from that shown by much lower 


TABLE III 
Recrystallization of 5-Ureidoimidazole Picrate-2-C'* to Constant Specific Activity 
No. of recrystallizations Specific activity 
c.p.m. per umole 
1 984 
2 908 
3 939 


The samples were corrected to infinite thinness with use of the self-absorption 
coefficient for uric acid. 


concentrations of imidazole compounds such as histidine, which yield colors 
of a greater degree of stability. 

Hydrolysis of AIR in the presence of acid (0.2 N HCl at 160° for 6 hours 
in a sealed tube) resulted in the liberation of glycine as the only ninhydrin- 
reactive spot detectable on paper chromatograms (solvent system com- 
posed of 95 per cent ethanol-concentrated NH,OH, 95:5). 

The ultraviolet absorption spectrum of AIR at pH 7 is presented in 
Fig. 3. No selective band of absorption of light between wave lengths 
215 and 300 my was observed, although a moderately strong, general ab- 
sorption was evident in the region of lower wave lengths (7.e. below 250 
my). 


Metabolism of AIR 


When 5-aminoimidazole ribotide, which had been prepared by enzymatic 
synthesis from FGAR-1-C", was tested for its ability to function as an 
intermediate in the biosynthesis of IMP with enzymes of the “13 to 33” 
ethanol fraction of pigeon liver extract, it was found that the radioactivity 
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of the arylamine could be converted in excellent yield to IMP. Both 
aspartic acid and bicarbonate were essential substrates for this reaction, 
and the conversion of the isotope was unaffected by the presence of a large 
bank of unlabeled glycine. 

Further investigation of the involvement of bicarbonate in the partial 
synthesis of IMP from AIR revealed that C'*-labeled sodium bicarbonate 
was fixed in the completed purine ring during the reaction in approxi- 
mately the expected proportion (Table IV). Under identical experimental 
conditions, no evidence could be obtained for CO, fixation during the en- 
zymatic conversion of 5-amino-4-imidazolecarboxamide ribotide to IMP. 


-3 


EXTINCTION COEFFICIENT X 10 


210 230 250 270 290 310 
WAVE LENGTH 


Fic. 3. Ultraviolet absorption spectrum of 5-aminoimidazole ribotide in neutral 
solution. 0.32 umole of the barium salt of AIR (Sample b) was dissolved in 3.00 ml. 
of water. The absorption of ultraviolet light by this solution was measured against 
a blank containing 1 X 10-‘ m BaClz. 


Since aspartic acid, bicarbonate, and, presumably, formate were neces- 
sary for the completion of the purine ring from the aminoimidazole struc- 
ture, it was of considerable interest to determine whether further metabo- 
lites of AIR could be detected. It was subsequently found possible to 
accumulate another arylamine compound upon enzymatic reaction of AIR 
with aspartic acid and a small amount of bicarbonate in the presence of 


the “13 to 33” fraction. This new amine was easily detected by the shift . 


in the absorption maximum of the dye produced upon reaction of depro- 
teinized incubation mixtures of the substrates with the reagents of Bratton 
and Marshall (5). In the presence of these reagents, AIR is converted 
into an orange chromophore (Amax = 500 mu), whereas the second aryl- 
amine compound yields a purple dye (Amax = 540 mu). The absorption 
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spectra of both chromophores are shown in Fig. 1. With the purified 
barium salt of AIR as a substrate, a requirement for ATP in addition to 
aspartic acid and bicarbonate was demonstrated. Under optimal condi- 
tions of enzymatic reaction, all of the AIR could be converted into the 
second arylamine compound. 

The latter substance was found to possess far greater chemical stability 
than AIR and was isolated with little difficulty by passage of the depro- 
teinized solution from a relatively large scale incubation mixture through 
a Dowex 50 ammonium column, followed by chromatography of the initial 
eluate from this resin on Dowex 1 acetate. In contrast to AIR, this stable 


TaBLe IV 
Fixation of CO, during Conversion of Arylamine Ribotide to IMP 
C.p.m. pmoles 


1 5-Aminoimidazole ribotide — 2140 
2 sag “ + 5140 1.5 
3 5-Amino-4-imidazolecarbox- _ 2460 
amide ribotide | 


4 = + 2280 0 


All vessels contained, in a final volume of 2.1 ml., the following quantities of ma- 
terials: 15 zymoles of sodium formate, 15 wzmoles of sodium 3-phosphoglyceric acid, 8 
pmoles of L-azaserine, 17 umoles of K2SQ,, 4 wmoles of precipitated enzyme equiva- 
lent to 1 ml. of pigeon liver extract. Approximately 0.08 umole of each ribotide was 
added to appropriate vessels. Vessels 1 and 2 contained 12 umoles of sodium L-as- 
partate. 37 umoles of NaHCO; were added to Vessels 2 and 4, and a corresponding 
amount of unlabeled NaHCO; to Vessels 1 and 3. Incubation was carried out at 
38° for 12 hours. 

* Specific activity equals 25,000 c.p.m. per umole. 

t Specific activity equals 22,000 c.p.m. per umole. 


arylamine possessed an absorption band in the ultraviolet spectrum with 
a maximum at 267 my. It was shown to incorporate N!* from L-aspartic 
acid-N'5 during its synthesis from AIR and to be converted to IMP upon 
incubation with serine and the ‘13 to 33” ethanol fraction of pigeon liver 
extract. 

The above mentioned properties of this metabolic product of AIR were 
similar to those described for 5-amino-4-imidazolecarboxamide ribotide 
(13). Cochromatography on Dowex 1 chloride of a mixture of an authentic 
sample of the latter compound’ with the compound formed biosyntheti- 
cally from AIR-5-C™ resulted in the elution of a single arylamine com- 


* Kindly supplied by Mr. Joel G. Flaks. The sample was prepared by enzymatic 
reaction of 4-amino-5-imidazolecarboxamide and PRPP. 
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ponent. The patterns of elution of this material as measured independ- 
ently by radioactivity and ultraviolet light absorption were superimposible. 
On the basis of the findings, the metabolic product of the reactions be- 
tween AIR, ATP, aspartic acid, and CO: was identified as 5-amino-- 
imidazolecarboxamide ribotide. 


DISCUSSION 


The structural formula of AIR presented has been determined on the 
basis of the following three considerations: (1) the results of analyses of 
chemical components, (2) chemical and spectral properties, and (3) bio- 
chemical function of the compound as an intermediate in the synthesis of 


IMP de novo. 


HC N 
C CH 
NH, N 


| 
CH—CHOH—CHOH—CH—CH,0PO.H; 
O 


5-Aminoimidazole ribotide 


The agreement of the molecular ratios shown in Table II with theory 
and the demonstration of the ability of the arylamine to form 5-ureido- 
imidazole (as its picrate derivative) provided the essential requirements 
for designating the structural formula of the isolated compound as 5-amino- 
imidazole ribotide. No information was gained, however, from these or 
other chemical data regarding the possibility of the existence of a carboxyl 
substituent at position 4 of the imidazole ring which would be removed as 
CO, under the drastic conditions of most of these analyses. Biochemical 
results did, however, furnish evidence on this point by showing that (1) 
bicarbonate was not required for the enzymatic synthesis of AIR from 
FGAR and (2) approximately 1 mole of CO: was fixed by AIR per mole of 
IMP formed during the conversion of the arylamine to the purine com- 
pound. These results made it improbable that the compound isolated 
from these reactions was 5-amino-4-carboxyimidazole ribotide rather than 
5-aminoimidazole ribotide. 


The aglycone portion of AIR is apparently identical with the corre-. 


sponding structure of the compound isolated from culture filtrates of a 
purine-requiring mutant of Escherichia coli by Love and Gots (14) and 
identified by Love and Levenberg! as 5-aminoimidazole riboside. More- 
over, Love and Gots believe that their compound is closely related to the 


4 Unpublished data. 
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arylamine found by Chamberlain, Cutts, and Rainbow (15, 16) as a prod- 
uct of metabolism of yeast 47 grown with suboptimal levels of biotin. It 
is of interest that the heterocyclic ring structure of AIR has now been 
shown to represent an aglycone common to the pathways of purine syn- 
thesis de novo in avian, plant, and bacterial systems. In all probability 
the intracellular intermediate in all three organisms is the ribotide which 
is dephosphorylated by cellular systems before liberation into the medium 
as the riboside. The report by Rabinowitz and Pricer (17) has demon- 
strated that 5-aminoimidazole as the free base may likewise be involved 
in the catabolism of purine compounds in microorganisms. 

Although the involvement of the ribotide of 5-amino-4-imidazolecarbox- 
amide as an intermediate in the synthesis of inosinic acid de novo has been 
indicated by several lines of evidence, the present report constitutes the 
first demonstration of the synthesis of this compound in animal tissues 
from known precursors of IMP. The major outlines of the biochemical 
mechanisms whereby the elementary carbon and nitrogen-containing pre- 
cursors are assembled into the final structure of a purine ribotide are now 
fairly evident. The detailed study of the chemistry of each of the individ- 
ual steps in this biosynthetic process will be of considerable interest because 
of the range and variability of the types of reactions involved. More 
detailed information on one of these steps, the conversion of FGAR to 
AIR, is presented in Paper XIII. 


SUMMARY 


A new arylamine ribotide has been isolated in the form of its barium 
salt as the product of a reaction between ATP, glutamine, and (a-N-for- 
myl)-glycinamide ribotide in the presence of a soluble enzyme system of 
pigeon liver. The substance was identified as 5-aminoimidazole ribotide 
and has been shown to be an intermediate in the synthesis of inosinic acid 
de novo. 
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BIOSYNTHESIS OF THE PURINES 


XIII. STRUCTURE, ENZYMATIC SYNTHESIS, AND METABOLISM OF 
(a-N-FORMYL)-GLYCINAMIDINE RIBOTIDE* 
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(From the Division of Biochemistry, Department of Biology, Massachusetts Institute of 
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(Received for publication, July 11, 1956) 


In Paper XII (2), the enzyme system of pigeon liver extract responsible 
for the conversion of formylglycinamide ribotide (FGAR) to 5-aminoimidaz- 
ole ribotide (AIR) was described. During the course of further study of 
this reaction, it was noted that the enzymatic components of the system 
could readily be separated into two fractions. Incubation of one of these 
fractions with FGAR, glutamine, and adenosine triphosphate (ATP) re- 
sulted in the formation of a new compound which, upon reaction with ATP 
and the second enzymatic component, was converted to AIR. 

Experiments presented in this paper are concerned with the preparation 
and isolation in pure form of this intermediate, and with its identification 
by chemical methods as (a-N-formy])-glycinamidine ribotide (FGAM). 


Methods and Materials 


Reference should be made to Paper XII (2) for many of the chemicals, 
assay procedures, and analytical determinations employed here. 

Assay for Synthesis of FGAM—The colorimetric determination of FGAM 
was based upon its conversion to AIR in the presence of ATP and an excess 
of Fraction II (see under ‘Experimental’’). The arylamine was then 
measured by the modification of the procedure of Bratton and Marshall 
(3) as described in Paper XII (2). 

Preparation of Enzymes—3.5 gm. of the lyophilized ‘413 to 33” per cent 
ethanol fraction, which was capable of converting FGAR to AIR, were 
dissolved in 230 ml. of 0.01 m sodium phosphate buffer, pH 7.4, at 3°. The 
proteins were fractionated by the addition of solid ammonium sulfate at 
that temperature with stirring to insure rapid solution of the salt. After 
the gradual precipitation of each fraction over a period of about 15 min- 


* A preliminary report of this work has been published (1). This work has been 
supported by grants-in-aid from the National Cancer Institute, National Institutes 
of Health, United States Public Health Service, the Damon Runyon Memorial Fund 
for Cancer Research, Inc., and the National Science Foundation. 

t United States Public Health Service Research Fellow of the National Institute 
of Neurological Diseases and Blindness (1954-55). 
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utes, the suspension was stirred for 10 minutes prior to removal of pre- 
cipitated protein by centrifugation. In this manner, three separate 
protein fractions were obtained: Fractions I, I,, and II, precipitating from 
0 to 35, 35 to 45, and 45 to 60 per cent saturation of ammonium sulfate, 
respectively. Fraction I, was discarded. For preparative purposes Frac- 
tion I was taken up in 0.05 m sodium phosphate buffer, pH 7.4, and the 
concentration of protein was adjusted to approximately 20 mg. per ml. by 
determination of optical density at 280 my.! This material could be stored 
for 3 to 4 weeks at 2° with little loss of enzymatic activity. 

For studies concerned with the mechanism of the reaction, however, 
Fraction I from the above procedure was suspended in 25 ml. of water and 
permitted to stand overnight at 0° in order to effect fine dispersion of the 
insoluble material and to obtain proper solution of desired enzymes. The 
insoluble material was removed by centrifugation and the residue was 
washed with 5 ml. of water. This extract was then diluted to 84 ml. with 
water and adjusted to a final concentration of 0.0005 N with potassium 
acetate buffer, pH 6.0. This solution which contained 530 mg. of protein 
was then treated with 25 ml. of alumina Cy (12.3 mg. per ml.) (4). The 
suspension was stirred at 0° for 10 minutes and the insoluble material was 
removed by centrifugation and discarded. The supernatant solution con- 
tained the active enzyme at a protein concentration of 1.16 mg. per ml. 
In this last step the enzyme was purified approximately threefold and an 
enzyme contaminant was removed which catalyzed the conversion of glu- 
tamic acid to glutamine. 

Fraction II, which was used for the enzymatic assay of FGAM by meas- 
urement of the conversion of FGAM to AIR, was dissolved in water and 
the protein concentration of this solution was adjusted to approximately 22 
mg. per ml. The enzyme remained active for 6 weeks or more at 2° in 
this solution. 


EXPERIMENTAL 


Sequence of Enzymatic Action and Requirement for Substrates—Neither 
Fraction I nor Fraction II separately had the ability to effect the con- 
version of FGAR to AIR, but, when combined, produced excellent syn- 
thesis of the arylamine. The sequence of action of these two fractions was 
readily determined by double incubation experiments which are illustrated 


in Table I (Vessels 1 and 2). These experiments demonstrated the forma- . 


tion of a heat-stable intermediate (FGAM) in the presence of Fraction I, 
which was subsequently converted to AIR upon the addition of Fraction 
II. 


1 The extinction coefficient of 1 mg. of protein at 280 my in a cell with a1 cm. light 
path is 1.6. 
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The substrate requirements for the individual steps of the synthesis are 
likewise shown in Table I. As may be seen, glutamine, ATP, and FGAR 
are all required together with the enzymes of Fraction I for the synthesis 
of the intermediate (FGAM). Although it was not possible to show it in 
this experiment, ATP was essential for the reactions catalyzed by both 
Fraction I and Fraction II. When the experiment was carried out with 
an ammonium sulfate fraction as a source of Fraction I, it was found that 


TABLE I 


Sequence of Enzymatic Action of Fractions I and II; Substrate 
Requirements for Synthesis of FGAM from FGAR 


1st incubation 2nd incubation 
Vessel No. Substrates added Substrates added an a 
Enzyme Enzyme 
Fraction Glut- Fraction Glut- 
FGAR | ATP onion FGAR | ATP | shine 
mumoles 
1 II + + + I F 
3 I + II + 
4 | I + + II +. 1 
5 oe + | + II + 1 


In the first incubation each vessel contained in a final volume of 0.43 ml. the fol- 
lowing materials when indicated: 0.08 umole of the barium salt of FGAR, 6 umoles 
of t-glutamine, and 1.2 wmoles of disodium ATP, 14 uwmoles of sodium phosphate 
buffer, pH 7.4, 10 umoles of K2SO,4, 3 umoles of MgSQO,, and 0.05 ml. of either Frac- 
tion I or Fraction II (protein concentration 15 mg. per ml.). Time of first incuba- 
tion, 30 minutes at 38°. Reactions stopped by heating vessels in a water bath at 
100° for 40 seconds. The vessels were then chilled in an ice bath and centrifuged, 
but the supernatant solution was not removed from the sediment. The indicated 
substrates or enzymes were then added to the vessels, the final volume was made 
up to 0.62 ml. with water and the incubation was continued at 38° for 30 minutes. 
The vessels were chilled in ice and the reaction was stopped by the addition of 0.1 
ml. of 30 per cent trichloroacetic acid. After centrifugation, an aliquot of 0.04 ml. 
was removed for the determination of AIR as described in Paper XII (2). 


glutamic acid but not aspartic acid or asparagine could partially substitute 
for glutamine. However, when Fraction I was further purified on alumina 
Cy as specified above, and used in the reaction, glutamine was specifically 
required and glutamic acid had no activity as a substrate. The enzymatic 
synthesis of FGAM on a relatively large scale and its isolation in pure form 
are presented below. 


Enzymatic Synthesis and Isolation of FGAM 


Incubation Procedure—Each vessel contained, in a final volume of 50 
ml., the following quantities of materials expressed in micromoles: barium 


a 
m 
1e 
1e 
hn i? 
e | 


1022 BIOSYNTHESIS OF PURINES. XIII 


FGAR-1-C" 15, t-glutamine 68, disodium ATP 8.7, sodium phosphate 
buffer, pH 7.4, 215, potassium sulfate 230, magnesium sulfate 65, and 90 
mg. (4.5 ml.) of Fraction I. 

Four such vessels were incubated for 15 minutes at 38°, and the reaction 
mixtures were then pooled in one large flask. The contents of the flask 
were heated in a water bath at 100° for 4 minutes and then chilled in an 
ice bath. The precipitated protein was removed by centrifugation. En- 
zymatic assay of the FGAM synthesized indicated a yield of approximately 


TABLE II 
Chemical Analysis of (a-N-Formyl)-glycinamidine Ribotide 
Ba salt of FGAM Molecular ratio (glycine = 1.00) 
Analysis*® 
Sample a Sample b Sample a Sample b 
pmoles per mg. pmoles per mg. 

1.89 1.87 1.00 1.00 
Pemtoes............... 1.87 1.68 0.99 0.90 
Formate............... 1.75 1.93 0.93 1.03 
Inorganic P........... 0.00 0.01 
Organic P............. 1.87 1.73 0.99 0.93 
Acid-labile N.......... 3.23 3.37 1.73 1.80 
Secondary phosphate 

hydrogen ion...... 2.01 1.07 


* The listed compounds were obtained upon hydrolysis or combustion. Their 
analyses are described in a previous paper (5). 1.00 mg. of the Ba salt of FGAM 
is equivalent to 2.22 umoles. 


35 per cent, based upon the quantity of FGAR added to the incubation 
system. 

Isolation and Purification of Barium Salt of FGAM—The ion exchange 
chromatographic procedures employed for the isolation of FGAM, as well 
as the method of preparation of both the crude and purified barium salts 
of this compound, differed little from those developed in the case of AIR 
(2). All operations were again carried out at 3°, although the stability 


of FGAM is believed to be much greater than that of the arylamine ribo- 


tide. Two minor alterations in the procedure were made: (1) the depro- 
teinized incubation mixture was placed in equal portions on twenty-three 
columns of Dowex 1 acetate (0.8 X 14 cm.), and (2) FGAM was eluted 
with 0.03 m ammonium acetate buffer, pH 5.3, from these columns. In 
the final purification step in which a single column was employed, the elut- 
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ing solution was 0.01 m ammonium acetate buffer, pH 5.3. In order to 
determine the fractions of the chromatogram in which FGAM was present, 
an aliquot of each solution was removed, evaporated to dryness under an 
infrared lamp on a copper planchet, and assayed for radioactivity. It is 
o 
O.5F 
0.4Fr 


O.3F 


O.2F 


ML. 0.01409 NAOH 


Fic. 1. Titration curve of (a-N-formyl])-glycinamidine ribotide. 2.14 mg. of the 
barium salt of C14-labeled FGAM were passed through a Dowex 50 (H*) column (0.8 
X 1.3 em.) which was then washed with 3 ml. of H.O. The total material which 
passed through the column contained the equivalent of 2.00 mg. of material. This 
was titrated with a glass electrode with 0.01409 n NaOH. 


| \cHo 
H 
HN* 


Fic. 2. Structure of (a-N-formyl])-glycinamidine ribotide 


of interest that a small portion of the radioactivity eluted from the column 
employed in the final purification step was present in a compound which 
behaved chromatographically and enzymatically identically with FGAR. 
Since all of the unchanged FGAR was separated from FGAM during the 
first chromatographic step, it was concluded that a small amount of FGAM 
was hydrolyzed to FGAR during purification. 
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The purified barium salt of FGAM was dried in vacuo over P2Os prior to 
analysis. It was obtained in an over-all yield of 11 per cent (based upon 
the quantity of FGAR present in the incubation). 

Analysis and Chemical Properties of FGAM—The data obtained on 
chemical analysis of the components liberated upon hydrolysis of two differ- 
ent samples of the barium salt of FGAM are presented in Table II. The 
methods of calculation are the same as those used for the analyses of AIR 
in Table II of Paper XII. It is seen that FGAM is composed of moieties 
which yield, upon hydrolysis or combustion, glycine, formate, pentose, 
organic phosphate, acid-labile nitrogen, and total nitrogen in the same 


approximate molecular ratios as those of AIR, namely, 1:1:1:1:2:3, 
respectively. 
TaBLE III 
Adenine Nucleotide Requirement for Conversion of FGAM to AIR 
Nucleotide added to basic system* AIR synthesized 

myumoles 


* The basic system consisted of 0.055 umole of the barium salt of FGAM, 10 umoles 
of sodium phosphate buffer, pH 7.4, 10 wmoles of K2SQO,, 3.5 wmoles of MgSOx,, and 
0.1 ml. of the enzyme, Fraction II. Either adenosine-5’-phosphate (AMP-5’), ADP, 
or ATP added as indicated at a level of 1 wmole. Total volume, 0.5 ml. The 
vessels were incubated for 30 minutes at 38°. 


The extremely weak affinity of FGAM for the anion exchange resin 
indicated the presence within the molecule of a rather basic constituent. 
This belief was further substantiated by the results of an electrometric 
titration of FGAM (Sample b), which is shown in Fig. 1. Approximately 
2 equivalents of H+ ion were titrated per mole of compound between pH 
4 and 10. One of the equivalents corresponded to the dissociation of a 
secondary hydrogen ion of phosphate at pK 6.0 (see also Table IT) and the 
other to the dissociation of a hydrogen ion of a more basic group at approxi- 
mately pK 9.2. Owing to the fact that the second group was titrated 


partially at a pH at which the accuracy of the glass electrode began to— 


diminish, it was not possible to obtain the exact number of equivalents 
titrated per mg. of material. An estimation of the pK value of the titra- 
tion was made, however, by measuring the inflection point of the curve. 
Since the a-amino nitrogen of FGAM is substituted by a formyl] residue, 
it was concluded that the group dissociating at pK 9.2 was an amidine 
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which resulted from the transfer of the amide nitrogen of glutamine to 
FGAR. 

Hydrolysis of FGAM by acid (1 nN HCl at 100° for 1 hour) resulted in 
the liberation of glycine as the only ninhydrin-reactive spot detectable on 
paper chromatograms (solvent system = 95 per cent ethanol-concentrated 
NH,OH, 95:5). 

No reaction was obtained for FGAM in either the Pauly diazo reaction 


ATP CH,—NH 
R-P sme AICAR 
GAR 
— NH C—— NH 
Lr-p HN LR-p Ho LR-p 
FGAR FGAM AIR 
C 
COp, ATP HCOOH" 
> —N CH 
LR-P 
AICAR IMP 


Fic. 3. An abbreviated scheme for the biosynthesis of inosinic acid de novo. The 
double arrows in certain of the reactions indicate that preliminary evidence has been 
obtained for the existence of additional intermediates. R-P refers to ribose-5’-phos- 
phate (as a ribotide), R-5-P to ribose-5-phosphate, and AICAR to 5-amino-4-imida- 
zolecarboxamide ribotide. The other abbreviations are defined in the text. 


(6) or the Bratton-Marshall test. Similar to FGAR (5), FGAM exhibits 
only weak end absorption below 240 mu. 

The above chemical analyses and properties of this compound, together 
with the metabolic experiments reported below, permit the formulation of 
the structure of FGAM as shown in Fig. 2. 

Metabolism of FGAM—FGAM was tested for its ability to function as 
an intermediate in the biosynthesis of inosinic acid (IMP). In the pres- 
ence of the ‘‘13 to 33” ethanol fraction of pigeon liver extract it was found 
that the radioactivity of FGAM-1-C™“ was converted to IMP and that 
the specific activity of the newly formed IMP was not affected by the 
inclusion of a large “bank” of unlabeled glycine in the incubation mixture. 

Upon isolation of FGAM in pure form it was possible to study more 
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specifically the substrates required for its conversion to AIR. As shown 
in Table III, formation of the imidazole ring occurred only upon addition 
of one of the adenine nucleotides, ATP or adenosine diphosphate (ADP), 
to these relatively impure enzyme preparations. Since ATP was more 
effective at equivalent concentrations than ADP, it is probable that ATP 
is the actual substrate. 


DISCUSSION 


The results reported in this paper demonstrate that the imidazole ring 
of the purines is formed enzymatically only after the introduction of what 
would correspond to nitrogen atom 3 of the purine molecule. It is of inter- 
est, furthermore, that ATP is required in the enzymatic step in which ring 
closure occurs. These studies permit the presentation of a scheme of 
reactions, which, although not yet complete, account for the major steps 
of purine biosynthesis (Fig. 3). 

The double arrows in certain of the reactions indicate that evidence 
has been obtained for the existence of new intermediates not shown in 
the scheme. In Step 1, 5-phosphoribosyl pyrophosphate (PRPP), ATP, 
and glutamine are compounds shown to be involved in the synthesis of 
GAR from glycine (7, 8). A recent report (8) has implicated 5-phos- 
phoribosylamine as the ribose compound which reacts with glycine and 
ATP to form glycinamide ribotide (GAR), but it has not yet been possible 
to isolate this compound as a result of an enzymatic reaction between 
PRPP and glutamine. 

GAR may be directly formylated by formate in the presence of ATP 
and a suitable folic acid compound (9) or it may undergo transformylation 
with inosinic acid to yield FGAR (10). The conversion of FGAR to 
FGAM and then to AIR has been reported in this and Paper XII. Lukens 
and Buchanan (11) in this laboratory have now isolated a new intermediate 
involved in the conversion of AIR to 5-amino-4-imidazolecarboxamide 
ribotide. In a further step, Warren and Flaks (12) have implicated 5- 
formamido-4-imidazolecarboxamide ribotide in the conversion of 5-amino- 
4-imidazolecarboxamide ribotide to inosinic acid. 

It will be noted that, almost without exception, the purine ring is formed 
by the withdrawal of the elements of water in a series of enzymatic reac- 
tions in which precursors are utilized stepwise for the formation of inter- 
mediates which are transformed eventually into inosinic acid. 


SUMMARY 


Fractionation of the enzyme system of pigeon liver concerned with the 
conversion of (a-N-formyl)-glycinamide ribotide to 5-aminoimidazole rib- 
otide has permitted the accumulation of a new compound which is an inter- 
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mediate of this reaction and of purine biosynthesis de novo. This compound 
has been isolated in pure form and identified as (a-N-formy])-glycinamidine 
ribotide. 


ll. 
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PHOSPHORYLATIONS ASSOCIATED WITH THE OXIDATION 
OF EXTERNAL REDUCED DIPHOSPHOPYRIDINE NUCLEO- 
TIDE BY RAT LIVER MITOCHONDRIA* 


By GLADYS FELDOTT MALEYf 


(From the Institute for Enzyme Research, University of 
Wisconsin, Madison, Wisconsin) 


(Received for publication, August 3, 1956) 


In previous reports demonstrating phosphorylation associated with 
the oxidation of external DPNH! by rat liver mitochondria, it was found 
necessary to add cytochrome c or to subject the mitochondria to some 
structural damage (1-3). Without either of these treatments, oxidation 
was very poor and usually not accompanied by phosphorylation. While 
investigating the role of the thyroid hormone in phosphorylation reactions, 
we found that rat liver mitochondria are capable of oxidizing external 
DPNH with concomitant phosphorylation. We also found that suspen- 
sion of these particles in water at 0° for short periods of time, or addition 
of cytochrome c, lowered the efficiency of the associated phosphorylations 
while stimulating the oxidation of external DPNH. 

It is the purpose of this report to describe the reaction system which 
we have found to promote most efficient phosphorylation during the oxida- 
tion of externally reduced DPNH by rat liver mitochondria. Data will 
also be presented on the efficiency of this phosphorylation in liver mito- 
chondria from thyrotoxic rats. 


EXPERIMENTAL 


Thyrotoxicity was produced in rats as described previously (4). Liver 
mitochondria were isolated by the method of Schneider (5) from a normal 
and thyrotoxic rat at the same time. Each ml. of the final suspensions 
represented a gm. of fresh liver and contained, on the average, about 4 to 
5 mg. of mitochondrial nitrogen. Hexokinase was purified from yeast to 
Stage 3a by the method of Berger e¢ al. (6); this preparation was found to 
contain sufficient alcohol dehydrogenase to saturate the system. In some 


* Supported by grants from the American Cancer Society and the National Vita- 
min Foundation. 

t Present address, Department of Biochemistry, New York University College of 
Medicine, New York. 

1 The following abbreviations will be used in this paper: DPN, diphosphopyridine 
nucleotide; DPNH, reduced diphosphopyridine nucleotide; ADH, alcohol dehy- 
drogenase; ATP, adenosine triphosphate; P:O, ratio of micromoles of inorganic phos- 
phate esterified to microatoms of oxygen consumed; PMS, phenazine methosulfate. 


1029 


ta] 
its 
3 
» 


1030 OXIDATIVE PHOSPHORYLATION 


cases purified ADH from yeast was also added to the medium. ATP wag 
obtained from the Pabst Laboratories as the disodium salt. 

The following reaction mixture was found to yield maximal P:O ratios, 
Any deviation from this system will be noted in Tables I to VII. The main 
compartment of the Warburg flasks contained 6 umoles of ATP, 40 umoles 
of phosphate buffer, pH 7.4, 15 umoles of MgSQ,, 10 umoles of DPN, 85 
umoles of ethanol, 30 umoles of KF, mitochondria from 0.5 gm. of fresh 
liver, and isotonic sucrose to a final volume of 3.0 ml. 0.2 ml. of 5x 
KOH and a filter paper strip were placed in the center well. After an 
equilibration period of 8 to 10 minutes at 30°, 50 umoles of glucose, yeast 
hexokinase, and alcohol dehydrogenase were tipped in from the side arm. 


TABLE I 


Effect of Substrate Concentration on Efficiency of Phosphorylation 
Accompanying Oxidation of DPNH 


Without fluoride With 0.01 mu fluoride 

DPN 

O uptake P:O O uptake P:O 
pmoles microatoms microatoms 

1 3.8 1.5 3. 2.1 
3 5.8 1.7 4.8 2.1 
5 6.8 1.8 6.1 2.1 
10 6.4 2.3 6.2 2.5 
20 6.0 2.1 6.3 2.3 


Duration of experiment, 20 minutes. The reaction components are described 
under ‘“‘Experimental.”’ 


The techniques for measuring the efficiency of oxidative phosphorylation 
were the same as described previously (4). 


Results 


Lehninger (1-3) observed that oxidation of externally reduced DPN did 
not proceed in rat liver mitochondrial systems unless cytochrome c was 
present or the permeability of the mitochondrial membrane was altered 
by exposure to hypotonic media. However, by employing the above re- 
action mixture, we were able to obtain good oxidation rates of DPNH. 
In Table I, data are given for the effect of DPN concentration, in the 
presence and absence of fluoride, on the efficiency of phosphorylation ac- 
companying the oxidation of external DPNH. At the higher levels of 
DPN, oxidation was increased and efficiency of phosphorylation was also 
improved. Fluoride did not appear to influence the rate of oxidation of 
DPNH but did tend to favor more efficient phosphorylation. In the 
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succeeding experiments 10 umoles of DPN and 30 umoles of fluoride were 
used routinely. 

The effect of suspending mitochondria in distilled water at 0° for short 
periods of time on the oxidation of DPNH and the accompanying phos- 
phorylation was studied. The results are presented in Table II. Water 
pretreatment did increase the rate of oxidation of DPNH but the efficiency 
of phosphorylation was adversely affected. After 10 minutes of water pre- 
treatment at 0° the P:O ratio fell from 2.7 to 1.4. In a separate experi- 
ment, a 1 minute period of water pretreatment did not affect the oxidation 
rate but did lower the P:O from 2.4 to 2.1. In all succeeding experiments, 
since the increased rate of oxidation was not accompanied by a like increase 
in phosphorylation, no water pretreatment was used. Because we were 
also interested in comparing the efficiency of phosphorylation in two widely 


TaBLeE II 
Influence of Water Pretreatment 
O uptake Inorganic phosphate fixed P:O0 
min microatoms pmoles 

0 4.85 13.1 2.7 

3 6.8 12.3 1.8 

5 7.2 11.5 1.6 

10 8.9 12.5 1.4 


* Following the final centrifugation, mitochondria were taken up in water at 0° 
and, after the indicated time interval, hypertonic sucrose was added to give isoto- 
nicity. Duration of experiment, 15 minutes. 


different groups of animals, we thought it best to conduct such a compari- 
son under those conditions which permitted the measurement of greatest 
efficiency. | 

In the presence of cytochrome c the rate of oxidation of DPNH was 
doubled. As little as 6 X 10-* m cytochrome c stimulated oxidation 40 
per cent and 6 X 10-5 m more than 100 per cent. This increased respira- 
tion was accompanied by only slightly more total phosphate uptake and 
consequently the P:O ratio was decreased. The results of an experiment 
comparing oxidation of DPNH and P:0O ratios with varying concentra- 
tions of cytochrome c are presented in Table III. At 2 X 10-° m cyto- 
chrome c (0.06 umole per flask) oxidation was maximal and the P:O ratio 
was depressed from the control value of 2.6 to 1.3. 

Antimycin A (7) completely blocked both oxidation and phosphorylation 
in the external DPNH system in the absence of cytochrome c (Table III). 
However, increasing concentrations of cytochrome c progressively restored 
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respiration until, at 10~* m cytochrome c, respiration was equally rapid in 
the presence or absence of antimycin. In the presence of antimycin and 
any concentration of cytochrome c tested, a P:O ratio of 0.5 was obtained. 
The constant value obtained for the P:O ratio in the presence of cyto- 
chrome c and antimycin A is in itself striking and may indicate that all but 
one of the phosphorylations are bypassed. 

Since acetaldehyde is produced during the formation of external DPNH 
in this system and since its effect on oxidative phosphorylation in such 
systems has not been reported (1-3), it was tested in the present studies, 
When substrate quantities (5 to 20 uwmoles) of acetaldehyde were added 
to the reaction system in the absence of DPN and ethanol, oxidation oc- 


TaBLeE III 


Effect of Cytochrome c and Antimycin A on Phosphorylation 
Accompanying Oxidation of DPNH 


Without antimycin A With antimycin A* 
Cytochrome ¢ added 
O uptake P:O0 O uptake P:O 
umole microatoms microatoms 
0 5.2 2.65 0 
0.006 7.2 2.3 2.9 0.5 
0.03 10.5 1.5 6.4 0.5 
0.06 11.7 1.3 8.5 0.5 
0.18 11.4 1.4 10.4 0.5 
0.3 11.8 1.3 11.5 0.5 


Duration of experiment, 15 minutes. 
*1 7 per flask. 


curred with concomitant phosphorylation. P:O ratios varied from 1.3 
to 2.4. Pinchot and Racker (8) also observed phosphorylation during 
acetaldehyde oxidation in Escherichia coli extracts. In the presence of 
200 umoles of semicarbazide, acetaldehyde oxidation was almost com- 
pletely inhibited, whereas the oxidation of external DPNH was little af- 
fected. In addition, the concentration of acetaldehyde present during 
most of the experimental period, when it is produced in the formation of 
external DPNH, was probably of lower magnitude than that tested above 
and some of the acetaldehyde may be volatilized at 30° causing a further 
decrease in its concentration. 

Studies with Mitochondria from Thyrotoxic Rats—Having obtained a re- 
action system which appeared to yield almost maximal phosphorylation 
efficiency as compared to the assumed theoretical, a comparison of normal 
and thyrotoxic rat liver mitochondria was made. The results of typical 
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experiments are presented in Table IV. In the absence of fluoride, the 
oxidation of DPNH by hyperthyroid rat liver mitochondria was completely 
uncoupled from phosphorylation, in both the presence and the absence of 
cytochrome c. However, when fluoride was added, a ratio of about 1.0 
was measured in both cases. In both the normal and the thyrotoxic rat 
liver, oxidation was increased 2- to 3-fold on addition of cytochrome c. 
And also in each case the P:0O ratio tended to fall, as indicated previously. 
Since the practice was to add the alcohol dehydrogenase from the side 
arm at zero time, it was possible that the uncoupling effect in the thyro- 
toxic preparation could be owing to an increased DPNase reaction. This 
was shown not to be the case in the following instances. Alcohol dehy- 
drogenase was added to the main reaction mixture to provide oxidizable 


TaBLe IV 
Comparison of Phosphorylation Accompanying DPNH Oxidation by Normal 
and Thyrotozic Rat Liver Mitochondria 


From normal rat* From thyrotoxic ratt 
Additions 
O uptake P:0 O uptake P:0 
microaloms microatoms 
5.3 2.4 3.9 0 
10-5 “‘ cytochrome c.............. 9.5 1.4 12.6 0 
10-5 xs “400lmF-.. 8.7 2.1 10.0 1.1 


Duration of experiments, 15 minutes. 
* Averages of ten experiments. 
t Averages of six experiments. 


substrate for the mitochondria during the preincubation period and no 
difference from the results of the usual procedure was obtained. Nico- 
tinamide, a potent inhibitor of DPNase, at a level of 200 umoles per flask, 
also did not affect the results. 

Studies with Different Electron Acceptors—Since phosphorylation seemed 
to be so strikingly uncoupled from oxidation in the thyrotoxic tissue, at- 
tempts were made to measure the DPN-flavin site of phosphorylation in 
the electron transport sequence. For this purpose, several dyes and in- 
hibitors were used. Although the precise site at which ferricyanide cuts 
into the electron transport sequence in the intact mitochondrial system 
is not known, it was chosen as one of the terminal electron acceptors. The 
results of such experiments are shown in Table V for both normal and 
thyrotoxic tissues. Just as in the aerobic system, phosphorylation was 
completely uncoupled from oxidation in the thyrotoxic system, in the ab- 
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sence of fluoride. On addition of fluoride, a ratio for P:2 Fe(CN)¢ of 
0.2 was obtained in the liver of the thyrotoxic rat, as compared to 0.5 in 
that of the normal rat. This drop in ratio was approximately the same 
magnitude as that in the aerobic system. 

Attempts to use methylene blue as an electron acceptor were, for the 
most part, unsuccessful. With increasing concentrations of the dye, the 
P:0O ratio fell, indicating uncoupling. It was of interest to note, however, 
that, at the same concentrations of methylene blue as of cytochrome ¢, 
similar increases in oxidation of DPNH took place, both in the normal 
and thyrotoxic systems. Cyanide completely uncoupled oxidative phos- 
phorylation in this case, and antimycin A decreased phosphate uptake 
but did not inhibit oxidation. 


TABLE V 
Comparison of Phosphorylation Accompanying DPNH Oxidation 
with Ferricyanide As Electron Acceptor by Normal 
and Thyrotozic Rat Liver Mitochondria 


Normal Thyrotoxic 
Additions 
A Fe(CN)s™ | P:2Fe(CN)s™ | A Fe(CN)s™ | P: 2Fe(CN)™ 
pmoles pmoles 
17.8 0.50 15.6 0 
0.01 m fluoride................. 18.6 0.51 16.2 0.20 
1 y antimycin A............... 16.0 0.48 13.7 0 


In addition to the usual components, 50 wmoles of K;Fe(CN). and 50 umoles of 
KHCO; were present. Averages of four experiments; duration of experiments, 15 
minutes. 


Phenazine methosulfate has been used because of its ability to replace 
flavin in other systems. Lower concentrations than those reported to be 
optimal in a soluble system (9) stimulated oxidation as well as cytochrome 
cdid. Ina typical experiment a range of concentrations from 10 to 2007 
was tested and the results are shown in Table VI. In the range of 10 to 
100 y of PMS a constant P:O ratio above 1 was obtained. In the pres- 
ence of antimycin A the oxidation was unaffected, but the P:O ratio tended 
to reach a plateau at about 1.0. At a level of 200 y of PMS per flask, 
phosphorylation was less efficient and the P:O ratio fell to about 0.5. In 
the presence of 200 7 of PMS, antimycin A increased the P:O ratio to 
0.90. The fact that, within a fairly wide range of PMS concentration, 
the P:O ratio was constant was in one way encouraging, but in another 
way disturbing. Theoretically, if the PMS is truly able to substitute for 
flavin in the electron transport chain, then one would expect a single phos- 
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phorylation between DPNH and PMS, assuming that there are two phos- 
phorylations beyond flavin. Now, in the presence of antimycin A, the 
ratio was just slightly above 1.0. This could indicate a leak in the PMS 
system in the absence of antimycin A, or antimycin A may be uncoupling 
phosphorylation at this level. It does not adversely affect the oxidation 
of DPNH in the presence of PMS. _ In fact as the PMS concentration was 


TaBLeE VI 
Use of Phenazine Methosulfate As Electron Acceptor 
Without antimycin A With antimycin A* 
PMS 
O uptake P:O O uptake P:O 
y microatoms microatoms 
3.7 2.7 0 
10 10.2 1.6 9.6 1.0 
30 10.3 1.5 11.1 1.0 
50 9.7 1.7 11.2 1.2 
100 9.2 1.2 12.6 1.0 
200 8.8 0.5 10.4 0.9 
*1 + of antimycin A per flask. 
TaBLeE VII 
Comparison of PMS System in Normal and Thyrotoxic Rat Liver Mitochondria 
PMS Ouptake | [organic pes P:0 
microatoms pmoles 
Normal 3.7 9.6 2.6 
50 9.5 12.4 1.3 
100 9.4 13.2 1.4 
Thyrotoxic 3.3 2.3 0.7 
50 8.3 5.8 0.7 
100 9.4 6.6 0.7 


Average of six experiments in each group. Duration of experiments, 15 minutes. 


increased, antimycin A tended to improve oxidation. Exactly the same 
results have been obtained with pyocyanin as electron acceptor. 

Although the phenazine methosulfate system did not, as expected, en- 
able measurement of the one phosphorylation between DPNH and flavin, 
the system was used to compare normal and thyrotoxic preparations. In 
Table VII the results of typical experiments show that, whereas in the 
preparation from the normal rat a ratio above 1 is obtained, the ratio in 
the thyrotoxic preparation is less than 1, possibly indicating the uncou- 
pling of one of the two phosphorylations measured. 
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DISCUSSION 


In his first report on the phosphorylation accompanying DPNH oxida- 
tion, Lehninger (1) observed that rat liver mitochondria were unable to 
oxidize DPNH unless cytochrome c was added. The concentration of 
cytochrome c necessary for maximal oxidation was greater than 1.5 x 
10-*m. In later reports (2, 3) he found that altering the permeability of 
the mitochondrial membrane by suspension of the particles in water for 
short periods of time prior to experimentation also permitted oxidation 
of the DPNH. In the latter case, cytochrome c was either not necessary 
for maximal oxidation or, if stimulation did occur, the concentration of 
cytochrome c required was of a much lower magnitude than that reported 
earlier. 

Although in the experiments reported here it has not been found neces- 
sary to “‘pretreat” the mitochondria or add cytochrome c for measurement 
of oxidation, the results are not in conflict with those of Lehninger. Stim- 
ulation of the oxidation of DPNH by cytochrome c and water pretreatment 
of the mitochondria was also obtained. In addition, a lower concentration 
(6 X 10-5 m) of cytochrome c was found to produce maximal stimulation 
of oxidation. It would appear that the only differences obtained are ac- 
tually a matter of degree, and possibly may be inherent in the methods 
used in different laboratories for the isolation of mitochondria. It is also 
possible that in the reaction mixture used in this study some alteration 
of the permeability of the mitochondrial membrane has taken place, since 
ethanol and DPNH are both present in relatively high concentration and 
are known to produce swelling of mitochondria.?, The importance of main- 
taining a relatively high concentration of DPNH cannot be overempha- 
sized, since the measurement of an adequate oxygen uptake and the 
accompanying phosphorylation are dependent on both substrate concen- 
tration and mitochondrial level. Recently, Humphreys and Conn (10) 
reported on the oxidation of DPNH in the absence of cytochrome c with 
lupine mitochondria. Addition of cytochrome c to their preparation also 
increased the rate of the reaction several fold. Ernster et al. (11) have 
also studied the oxidation of extramitochondrial DPNH and the associated 
phosphorylation in their experiments with Amytal. They were able to 
obtain fair oxidation of DPNH in the absence of cytochrome c but the 
accompanying phosphorylation was low, yielding a P:O ratio approximat- 
ing 1. Addition of cytochrome c doubled oxidation, and phosphorylation 
was also improved to yield a P:O ratio between 1 and 2. They suggested 
that the phosphorylation accompanying the stimulated respiration of cyto- 
chrome c may originate entirely from the oxidation of the cytochrome c, or 
that the internal pathway has a definite cytochrome c requirement. 


2 Johnson, D., and Maley, G. F., unpublished results. 
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The results reported in this paper would favor the idea that external 
DPNH is oxidized along alternative pathways, one of which is phospho- 
rylative at Step 1 and the other non-phosphorylative. However, the non- 
phosphorylative oxidation of DPNH may lead to reduction of intramito- 
chondrial or external cytochrome c and phosphorylation may be associated 
with the further oxidation of reduced cytochrome c. Several assumptions 
concerning the oxidation of external DPNH are necessary to reach these 
conclusions. Humphreys and Conn (10) have discussed the possibility 
that a common oxidation site for internal and external DPNH may exist, 
but point out that there is good evidence for the firm binding of internal 
DPN to the mitochondrial complex (12). Kaplan et al. (13) suggest that 
the enzyme pyridine nucleotide transhydrogenase acts as a carrier be- 
tween internal and external DPNH. It has also been assumed that 
cytochrome c is a unit of the electron transport sequence from DPNH to 
oxygen in intact mitochondria. 

Much could be written concerning the role of the thyroid hormone in 
oxidative phosphorylation reactions. A recent report by Tapley, Cooper, 
and Lehninger (14) has cast doubt on the direct participation of the hor- 
mone in phosphorylation reactions, and instead suggests that ‘“‘the in vitro 
action of thyroxine is concerned with control of some structural property 
of the mitochondrion, or some other enzymic function.”” Tapley (15) im- 
plies that the thyroid hormone may affect the intracellular site or function 
of critically placed magnesium ions, resulting in changes in magnesium 
excretion. Phillips and Langdon (16) suggest that a primary site of action 
of the thyroid hormone may be control of the enzyme TPN-cytochrome 
creductase. However, there is also much evidence to favor the hypothesis 
that the thyroid hormone exerts some influence on oxidative phosphoryla- 
tion reactions (4, 17-19). Elucidation of the exact site of action and na- 
ture of attack must await further experimentation. 


SUMMARY 

Conditions are described under which externally reduced diphospho- 
pyridine nucleotide (DPNH) is oxidized by the enzymes of mitochondria 
which have not been damaged by hypotonic treatment. The efficiency of 
phosphate uptake associated with the oxidation of externally reduced 
DPN is as high as that associated with the oxidation of 8-hydroxybutyrate. 
Mitochondria from thyrotoxic rat liver oxidized external DPNH, but with 
greatly decreased P:O ratios. 

Attempts to locate the specific site of action of the thyroid hormone by 
using various terminal electron acceptors other than oxygen were unsuc- 
cessful. 


The author gratefully acknowledges the interest and helpful criticism 
of Professor Henry A. Lardy during the course of these studies and wishes 
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to thank Dr. Patricia Broberg for making available the results of her pre- 
liminary studies on the external DPNH system. 
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(Received for publication, August 20, 1956) 


In humans, the level of plasma cholesterol remains relatively constant 
for considerable periods of time (1-5) and is not greatly influenced by the 
feeding of diets rich in cholesterol (6-10). The lack of a pronounced re- 
sponse of plasma cholesterol to exogenous cholesterol could result from 
the following: (1) limitation in the extent of absorption of cholesterol from 
the intestinal tract; (2) an increased destruction of cholesterol as its ab- 
sorption increases; (3) an increased storage with increased cholesterol in- 
take; and (4) a decreased synthesis of plasma cholesterol. Only the ques- 
tion of synthesis in response to exogenous cholesterol has so far been 
studied, and it has been demonstrated that surviving liver slices prepared 
from rats, dogs, and monkeys previously fed a high cholesterol diet show 
a depression in the incorporation of acetate-C™ into cholesterol (11-14). 
Because of these results zn vitro, it has been inferred that cholesterol syn- 
thesis in the liver of the intact animal is under homeostatic control. 

The experiments described here were designed to assess, in the intact 
rat, the relative roles of dietary and endogenously synthesized cholesterol 
as sources of serum cholesterol. Rats were kept on diets containing either 
high or low amounts of cholesterol which had been labeled by admixture 
with cholesterol-4-C™“. At various intervals, from 2 to 6 weeks, the specific 
activities of serum cholesterol were determined. The results show that 
the relative contribution of synthesis and exogenous sources to the compo- 
sition of serum cholesterol is controlled by the diet and that the synthetic 
contribution is depressed when a diet rich in cholesterol is fed. 


EXPERIMENTAL 


Treatments of Rats 


Two groups of male, Long-Evans rats were placed in individual metab- 
olism cages and allowed free access to food and water. To avoid unknown 
steroid sources, the rats were fed purified diets having the following basic 


* Aided by grants from the United States Public Health Service and the Life In- 
surance Medical Research Fund. 
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composition: 25 per cent extracted casein; 11 per cent lard; 50 per cent 
glucose; 6 per cent Hawk-Oser salt mixture (15); 10 or 12 per cent (depend- 
ing on the cholesterol content of the diet) Cellu flour containing the B 
vitamins. 2 drops of a fish oil rich in vitamins A and D were fed every 
3rd day. The diets were supplemented with either 0.05 or 2.0 per cent 
labeled cholesterol. These two supplemented diets were analyzed for 
cholesterol, and it was found that the specific activity of the extracted 
cholesterol was identical with that of the added cholesterol. 

The rats were fed the experimental diets for 2 to 6 weeks. At the end 
of each interval the animals were anesthetized with Nembutal, and blood 
was drawn from their hearts. The blood was allowed to clot and, after 
it stood at room temperature for at least 30 minutes, the blood was cen- 
trifuged at 1200 X g for 30 minutes. The serum obtained was recentri- 
fuged at the same speed for 5 minutes to obtain complete separation from 
the cells. 


Analytical Procedures 


Extraction of Serum and Determination of Its Cholesterol Content—Serum 
was extracted with 20 volumes of a 3:1 alcohol-ether mixture, at 60° for 
1 hour, with occasional stirring. An aliquot of the alcohol-ether extract 
of the serum was first heated to reduce its volume by about one-third, and 
its lipides were then saponified with 1 ml. of alcoholic KOH. The latter 
was prepared just before use by diluting 1 ml. of a 90 per cent KOH solu- 
tion to 15 ml. with 95 per cent ethanol. Saponification was carried out 
for 1 hour at 100°. The mixture was next acidified, and the cholesterol 
was first extracted with petroleum ether and then precipitated from an 
alcohol-acetone mixture (1:1) with an aqueous (0.5 per cent) solution of 
digitonin. The precipitation was allowed to continue overnight. After 
the cholesterol digitonide was washed once with acetone-ether (1:2) and 
twice with ether, it was dissolved in absolute methanol, and aliquots of 
the methanol solution were taken for analyses. 

The C* content of the cholesterol was determined by directly plating 
an aliquot of its digitonide on an aluminum planchet and measuring the 
C* in a gas flow counter. Sufficient counts were obtained to yield an 
accuracy of +5 per cent. 

Colorimetric analyses of cholesterol were made by the ferric chloride 
method of Zlatkis et al. (16). 


Labeled Cholesterol 


C™ was introduced into the 4 position of the sterol nucleus, as described 
by Heard and Ziegler (17), and the resulting cholestenone was converted 
to cholesterol-4-C" by the procedure of Dauben and Eastham (18, 19). 


4 


TABLE I 


Relative Contribution of Diet and Synthesis to Composition of Serum 
Cholesterol of Rats Fed High and Low Cholesterol Diets 


Cent 
end- Average SA of | SA serum cholesteroi 
Ret [initist fed | food choles- Sfoles-| SA diet cholesterol |"of‘syn 
very intake SA* terol X 100 ic 
rigin 
cent 
gm. | gm. | wks. | gm our 
cted 1/ 280/311} 2 | 19 60 | 0.05 | 5500 | 1430 26 74 
2|340|326| 2 | 17 67 | 0.05 | 5500 | 1460 27 73 
3 | 328 | 358 | 2 | 17 68 | 0.05 | 5500 | 1580 29 71 
4|276| 308} 2 | 18 79 | 0.05 | 5500 | 1620 30 70 
lod 5 /|399|397| 3 | 17 | 80 | 0.05 | 5500 | 1610 29 71 
fter 6 342 | 3 t 76 | 0.05 | 5500 | 1630 30 70 
cen- 7|340|365/ 3 | 16 63 | 0.05 | 5500 | 1310 24 76 
atri- g | 304 | 345| 3 | 19 55 | 0.05 | 5500 | 1370 25 75 
Bi 9| 208/349] 4 | 15 56 | 0.05 | 5500 | 1480 27 73 
11 | 296 | 331 | 4 | 16 58 | 0.05 | 5500 | 1690 31 69 
12| 298 | 375| 4 | 18 59 | 0.05 | 5500 | 1720 31 69 
13| 314 | 351 | 5 | 15 49 | 0.05 | 5500 | 1630 30 70 
14 | 306 | 334 | 5 | 15 41 | 0.05 | 5500 | 1120 20 80 
rum 15 | 282 | 247] 5 9 59 | 0.05 | 5500 | 1640 30 70 
re 16 | 300/343} 5 | 15 42 | 0.05 | 5500 | 1390 25 75 
17 | 300 | 323 | 6 | 17 56 | 0.05 | 5500 | 1700 31 69 
ract 18 | 336 | 343 | 6 | 16 27 | 0.05 | 5500 | 1650 30 70 
and 19 | 272 | 296! 6 | 15 43 | 0.05 | 5500 | 1760 32 68 
tter 20 | 318 | 335| 6 | 14 45 | 0.05 | 5500 | 1840 33 67 
21 | 338 | 339 | 2 | 15 49 | 2.0 | 1000] 750 75 25 
oul 22 | 266 | 273 | 2 | 16 55 | 2.0 | 1000] 750 75 25 
23 | 308 | 341 | 2 | 19 s0 | 2.0 | 1000! 740 74 26 
erol o4|276|303| 2 | 19 | 53 | 2.0 | 1000| 760 76 24 
an 25 | 228 | 2231 3 | 10 83 | 2.0 | 1000] 770 77 23 
of 26 | 254 | 305| 3 | 18 98 | 2.0 | 1000| 820 82 18 
fer 27 | 288 | 316 | 3 | 16 65 | 2.0 | 1000] 760 76 24 
28 | 260 | 306 | 3 | 16 89 | 2.0 | 1000| 770 77 23 
29 | 264 | 310| 4 | 14 77 | 2.0 | 1000] 850 85 15 
F 39] 296 | 337| 4 | 16 | 985 | 2.0 | 1000| 860 86 14 
31 | 2900/1 4 | 16 59 | 2.0 | 1000] 840 84 16 
ing 32 | 272 | 280 | 4 t 83 | 2.0 | 1000} 880 88 12 
the 33 | 288 | 310| 5 | 15 | 157 | 2.0 | 1000] 860 86 14 
34 | 300 | 345 | 5 t 81 | 2.0 | 1000} 900 90 10 
35 | 176 | 5 | 20 92 | 2.0 | 1000} 840 84 16 
36 | 280 | 346] 5 | 15 50 | 2.0 | 1000} 850 85 15 
ide 37 | 324 | 368 | 6 | 18 50 | 2.0 | 1000| 820 82 18 
38 | 276 | 321/ 6 | 18 50 | 2.0 | 1000! 8ss0 88 12 
39 | 274 | 333 | 6 | 17 97 | 2.0 | 1000 | 860 86 14 
40 3271 6 | 16 64 | 2.0 | 1000! 830 83 17 
ed *SA = specific activity (counts per minute per mg. of cholesterol). 
ed t Exact measurements of the food intake of Rats 6, 32, and 34 were not kept, but 
9), their intake was about 15 gm. per day. 
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The labeled cholesterol was purified by passage through the digitonide 
(20) and the dibromide (21). Just before the cholesterol-4-C™ was added 
to the diet, its purity was verified by the paper chromatographic procedure 
of Kritchevsky and Kirk (22). A radioautogram (23) made from the 
paper chromatogram revealed a single radioactive area. Both diets were 
checked at the end as well as at the beginning of the experiment for homo- 
geneity in distribution of the labeled cholesterol. 


Results 


The specific activities of serum cholesterol are given in the ninth column, 
Table I. In the rats fed the 0.05 per cent cholesterol diet, maximal values 
were attained by 2 weeks. In those fed the 2 per cent cholesterol diet, 4 
weeks were required to establish maximal incorporation of dietary choles- 
terol into serum cholesterol. 

Each mg. of cholesterol isolated from plasma is composed of a dietary 
component and a synthetic component. The percentage of serum choles- 
terol derived from dietary cholesterol is given by (specific activity of serum 
cholesterol) /(specific activity of diet cholesterol) & 100. The values for 
this ratio, shown in the tenth column, Table I, indicate that, in rats fed 
the 0.05 per cent cholesterol diet, serum cholesterol is derived from dietary 
cholesterol only to the extent of 20 to 33 per cent. In the rats fed the diet 
containing 2 per cent cholesterol, from 74 to 90 per cent of serum cholesterol 
was derived from dietary cholesterol. It should be emphasized that a 
given value for this ratio need not be directly related to the actual rate of 
synthesis of serum cholesterol. A calculation for the actual rate of syn- 
thesis of serum cholesterol would require knowledge of the rate of turnover 
of serum cholesterol. 


DISCUSSION 


It was shown earlier that the specific activity of plasma cholesterol 
declines logarithmically with time in the later intervals after the introduc- 
tion of C'*-cholesterol into the circulation of the normal rat fed a relatively 
low cholesterol diet (24). The rate of this iogarithmic decline is a measure 
of the turnover of plasma cholesterol by the rat. It was observed that, 
when the liver and entire gastrointestinal tract were removed, this turn- 
over of plasma cholesterol practically stopped. This did not occur when 
the gastrointestinal tract alone was excised. These findings are taken to 
imply that the liver is an important donor of newly synthesized choles- 
terol to plasma in spite of the fact that most isolated surviving tissues can 
synthesize cholesterol (25-27). Similar views have been expressed by 
Gould (28) and by Byers et al. (29), but such views cannot represent the 
complete picture of the origin of plasma cholesterol in a normal animal 
maintained on a diet containing cholesterol. Since ingested cholesterol 
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enters the body via lymph (30) and then flows directly into the circulation, 
dietary cholesterol is another source of plasma cholesterol. 

The higher values for the ratio, specific activity of serum cholesterol to 
specific activity of diet cholesterol observed in rats fed the high cholesterol 
diet, could have resulted from any one alone or from a combination of the 
following: (1) a depression in hepatic cholesterogenesis; (2) the absorption 
of increased amounts of cholesterol; (3) an interference in the release of 
cholesterol, by liver, to the circulation, with no depression in synthesis. 
Other possibilities are, of course, not ruled out, but, regardless of the fac- 
tors that brought about a given value for the ratio, that value provides a 
measure of the relative contribution of synthesis and diet to serum choles- 
terol. The results given in the eleventh column, Table I, indicate that, in 
rats fed the 2 per cent cholesterol diet, synthesis contributed not more 
than 26 per cent to the composition of serum cholesterol. On the other 
hand, 67 to 80 per cent of serum cholesterol was of synthetic origin in the 
rats that had been fed the diet containing 0.05 per cent cholesterol. Al- 
though, in general, the results obtained here with intact animals confirm 
the impressions drawn from liver slice experiments, the finding of a value 
of as much as 26 per cent for synthetic origin of serum cholesterol in the 
rats fed the high cholesterol diet was somewhat unexpected. The earlier 
experiments had demonstrated an almost complete suppression of the 
capacity of liver slices prepared from various animals fed high cholesterol 
diets to convert acetate carbon to cholesterol (11-14). Apparently, in 
the intact rat, it is not possible to suppress completely the synthesis of 
plasma cholesterol by feeding a 2 per cent cholesterol diet. 

The site of formation of the endogenous cholesterol that participated in 
the composition of plasma cholesterol in our rats fed the 2 per cent choles- 
terol diet remains to be considered. We pointed out above that the liver 
is a principal site for the formation of plasma cholesterol of endogenous 
origin, but that contribution by extrahepatic tissues could not be ruled 
out. Most tissues are capable of incorporating acetate carbon into choles- 
terol (25-27), and in this connection it should be noted that, in contrast 
to its effect on the liver, a high cholesterol diet does not depress cholesterol 
synthesis from acetate in skin and intestinal mucosa of the dog and mon- 
key (12, 14). 


The assistance of Dr. F. M. Harold in some preliminary phases of this 
study and the helpful discussions with Dr. M. D. Siperstein are gratefully 
acknowledged. 


SUMMARY 


1. For varying periods up to 6 weeks, rats were fed a diet containing 
either 0.05 or 2.0 per cent cholesterol. The dietary cholesterol was labeled 
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by admixture with cholesterol-4-C“. At the end of the feeding periods 
the specific activities of serum cholesterol were determined. 

2. Maximal specific activities of serum cholesterol occurred in 2 weeks, 
or earlier, in the rats fed the low cholesterol diet, but 4 weeks were required 
for this to occur in the rats fed the 2 per cent cholesterol diet. 

3. It was estimated, from the ratio of the specific activity of the serum 
cholesterol to that of the dietary cholesterol, that, in the rats fed the low 
cholesterol diet, synthesis contributed from 67 to 80 per cent to the compo- 
sition of serum cholesterol. In those fed the high cholesterol diet, from 10 
to 26 per cent of serum cholesterol was derived from synthesis. 

4. The significance of the finding that a portion of the serum cholesterol 
in rats fed the high cholesterol diet is of synthetic origin is discussed. 
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THE FLUOROMETRIC MEASUREMENT 
OF PYRIDINE NUCLEOTIDES* 
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St. Louis, Missourt) 


(Received for publication, August 9, 1956) 


Measurement of DPNH! or TPNH by absorption at 340 my has been a 
standard procedure for many years and has been used to study innumera- 
ble enzyme reactions. In spite of the proved value of this colorimetric - 
method, there may be advantages in fluorometric methods for the pyridine 
nucleotides. 

First, it has been found practicable with a fluorometer to determine 
separately oxidized and reduced pyridine nucleotides. As a result, the 
formation of a little DPN+ from a large amount of DPNH may be easily 
measured, and vice versa. Second, each determination may be made ac- 
curately at a nucleotide concentration as low as 10-* M, 7.e. at a concen- 
tration only a thousandth of that required for ordinary colorimetry at 340 
mu. Third, the useful range of sensitivity is about 2000-fold, which is 
much greater than that obtained with colorimetry. Since fluorometry may 
be performed with as little as 0.01 ml. (2), it is possible to measure 10-" 
mole of either oxidized or reduced pyridine nucleotide. Amounts of DPN+ 
or DPNH as great as 10—" mole or over may be measured rapidly and easily 
in a volume of 1 ml. 

The fluorometric methods, because of their sensitivity, have been of con- 
siderable utility for quantitative histochemical purposes. With the addi- 
tion of appropriate accessory enzymes, almost any enzyme reaction may 
be made to produce an oxidation of DPNH or TPNH or a reduction of 
DPN*+ or TPN?*. 

The basic method for DPN+ (TPN?*) is that of Kaplan eé al. (3). The 
method has merely been changed slightly to increase reproducibility and 
to provide for destruction of DPNH which otherwise contributes some 
fluorescence. The method has also been studied further to establish some 


* A preliminary report of this work has been published (1). 

Supported in part by grants-in-aid from the American Cancer Society upon recom- 
mendation of the Committee on Growth of the National Research Council and from 
the National Institute of Neurological Diseases and Blindness, National Institutes 
of Health, United States Public Health Service (B-434). 

‘The abbreviations used include pyridine nucleotide, PN; oxidized and reduced 
diphosphopyridine nucleotides and triphosphopyridine nucleotides, respectively. 
DPN*+ and DPNH, TPN* and TPNH; tris(hydroxymethyl)aminomethane, Tris. 
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of its limitations. To measure DPNH (TPNH), DPN? is destroyed in 
weak alkali. After this, in one analytical step, DPNH is (a) oxidized to 
DPN? and (b) converted to the same fluorescent product as that used to 
measure preformed DPNt. If 10-fold less sensitivity is sufficient, the wel] 
known native fluorescence of DPNH and TPNH is used for their meas- 
urement. Theorell e¢ al. have recently exploited this native fluorescence 
in kinetic studies at low DPNH levels (4). Some unexpected effects of 
cations on the fluorescence will be described. 

The use of these procedures will be illustrated by (a) values for the lactic 
dehydrogenase and 6-phosphogluconate dehydrogenase activities of single 
large nerve cell bodies, (6) the Michaelis constant for TPN*+ with glucose- 
6-phosphate dehydrogenase of brain, a constant so low that it would be 
difficult to measure by absorption at 340 my, and (c) measurements of the 
concentrations of DPN+, DPNH, TPNt, and TPNH in brain and liver. 


Procedures 
DPN* (TPN*) 


The sample to be analyzed is made 0.2 n in HCI for at least 30 seconds 
to destroy DPNH. Strong NaOH is added to give a concentration of 6 
N, and the sample is allowed to stand for 1 hour at room temperature or 
30 minutes at 38°. It is then diluted at least 5-fold with water and read 
in a fluorometer with a primary filter of Corning glass No. 5860 and second- 
ary filters of Corning Nos. 4308, 5562, and 3387.2 The final nucleotide 
concentration may be from 10-* to 2 X 10-5 m. Quinine solutions in 0.1 
N H2SQ, (0.005 to 5 y per ml.) serve as working fluorometer standards. 

The absolute volumes are arbitrary. A typical example is as follows: 
A 5 wl. sample containing 10-" to 10-* mole of DPN?* is added to 10 ul. of 
0.3N HCl. After mixing, a 10 yl. aliquot is transferred to a 3 ml. fluorom- 
eter tube containing 100 ul. of 7 Nn NaOH (prompt mixing). After an 
hour, 1 ml. of water is added, and the sample is ready to be read. It is 
necessary to provide standards and blanks which are given identical treat- 
ment. 

When the quantity of DPN+ to be measured is small in comparison to 
the amount of DPNH present, it is essential that none of the sample es- 


2 Any fluorometer with sensitivity sufficient for the particular purpose is satis- 
factory. For measuring the very lowest levels, the sensitive and convenient fluor- 
ometer model A of the Farrand Optical Company, Bronx, New York, has been en- 
tirely satisfactory. The primary filter prescribed isolates the Hg line at 365 mg. 
The secondary filter complex has maximal transmission at 470 my and was chosen 
empirically to give a low relative blank value. The usual ‘‘B1’’ secondary filter is 
satisfactory with higher DPN* levels. It isolates a much broader spectral band and 
would give much greater sensitivity with some sacrifice of selectivity. 
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capes contact with HC]; otherwise results will be erratic from undestroyed 
DPNH. 


DPNH (TPNH), Strong Alkali Method 


The sample to be analyzed is made 0.02 to 0.04 n in NaOH (excess) and 
heated either for 15 minutes at 60° or for 2 hours at 38° to destroy DPN?t. 
(If desired, a 0.2 to 0.5 m buffer consisting of a 3:1 molar ratio of Na;PO, 
to KzHPO, can be used instead of the weak NaOH.) Strong alkali is next 
added to give a concentration of 6 N as when measuring DPN?*, except that 
the alkali contains H,O:2 at a final concentration of about 0.01 per cent. 
The alkaline peroxide is prepared from aqueous 3 per cent H2Oz2, which in 
turn is prepared every week or so from 30 per cent H2O2. (A precipitate 
which is hard to dissolve may form on addition of 30 per cent H2O:2 to 
strong alkali.) The alkaline peroxide solution is not very stable and is 
prepared within an hour of use if kept at room temperature or within a 
few hours if kept in ice water. After addition of this solution, the sample 
is allowed to stand for 60 minutes at 38° or 2 hours at room temperature 
and is then diluted at least 5-fold and read in the fluorometer. 

The absolute volumes are arbitrary. A typical example is the following: 
A 0.1 ml. sample containing 2 X 107-!° to 10-7 mole of DPNH is added to 
1 ml. of 0.04 n NaOH and heated for 15 minutes at 60°. A 50 ul. aliquot 
is transferred to a 3 ml. fluorometer tube containing 100 yl. of 0.015 per 
cent H,O2in 9 N NaOH. After an hour, 1 ml. of water is added, and the 
sample is ready to be read. 


DPNH (TPNH); Native Fluorescence Method 


The sample to be analyzed is merely diluted to a concentration of 10-5 
to 10-7 m with a solution having a pH between 8 and 12. It is usually 
convenient tostop an enzyme reaction by using 0.01 Nn NaOH as the diluent. 
If Mg is present at a final concentration greater than 10-5 m, and if the 
diluting fluid has a pH greater than 11, the dilution should be made with 
a fluid containing sodium Versenate (ethylenediaminetetraacetate) in ex- 
cess of the Mg present (see below). Suitable blanks and standards are 
prepared and read at the same time. 


Measurement of Native Pyridine Nucleotides in Tissues 


Although the procedures given were not primarily designed for the 
measurement of naturally occurring pyridine nucleotides, they neverthe- 
less seem suited to such measurements. Fig. 1 gives a practical scheme 
for a separate determination of DPN+, TPN+, DPNH, and TPNH. To 
measure only total oxidized PN and total reduced PN, the analysis need 
be carried no further than Solutions B and G (Fig. 1), and a blank is ob- 
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tained by treating Solution B with weak alkali so as to destroy oxidized 
PN. If it is wished to measure total DPN and total TPN separately, 
Extract A may be treated with a mixture of glucose-6-phosphate dehydro- 
genase and alcohol dehydrogenase (with glucose-6-phosphate and acetal- 
dehyde), whereupon all the DPN will be oxidized and all the TPN reduced. 
Each may then be selectively destroyed with acid or alkali. 

An actual procedure tested with brain and liver, which appears to be 
satisfactory for measuring all four forms of PN, is as follows: A glass 


homogenizer containing 0.05 m Tris buffer (3 ml. for brain, 8 ml. for liver) 


A) Tissue extract (Total PN) 


B) OPN*+ TPN* G) DPNH + TPNH 
G-6-P dehydrogenase Jatconor dehydrogenase 
C) OPN*+ TPNH ~H) DPN* + TPNH 
%, %. 
D) DPN* E) TPNH I) OPN* J) TPNH 
oikoli (original TPN*) — | (original DPNH) 
alkali 
F) Blank for DandE K) Blank for I and J 


Fic. 1. Flow sheet for measuring pyridine nucleotides in tissues 


was placed in a water bath at 85°. Tissue, weighing 0.3 gm., was added 
and mashed with a rod during 5 minutes of heating. The quickly cooled 
sample was homogenized and centrifuged at 12,000 * g for 60 minutes 
(Extract A). 

Aliquots of 500 ul. of Extract A were treated with either 30 ul. of 1N 
HCl for a few minutes at room temperature or 30 ul. of 1 N NaOH for 15 
minutes at 60°. Each sample was then restored to pH 8 by adding 30 
ul. of 1 N NaOH or 30 ul. of 1 Nn HCI to give Solutions B and G (Fig. 1). 

To Solution B (now 560 ul.) were added 6 ul. of 100 mm glucose-6-phos- 
phate and 15 ul. of a glucose-6-phosphate dehydrogenase preparation from 
yeast‘ to give Solution C. The reaction was allowed to proceed at least 


3’ The method of preparing the tissue extract is taken from Greengard et al. (5), 
who found pH 8.2 to be the safest pH for heating without undue destruction of either 
oxidized or reduced PN. These investigators heated samples for 15 seconds at 100°. 

‘ This was kindly supplied by Dr. David H. Brown. It had an activity (measured 
in the spectrophotometer) of 240 moles per liter per hour (25°) when measured at pH 
8 with 1 mm glucose-6-phosphate and 0.15 mm TPN*. Thus the calculated Vmax dur- 
ing enzyme action would be about 6 mmoles per liter per hour. Oxidation with 
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for 30 minutes at room temperature. Under these conditions, TPN* at a 
concentration of 0.022 mM was reduced 90 per cent in 4 minutes and nearly 
100 per cent in 8 minutes. The Tris buffer concentration was kept low, 
since it is inhibitory at higher levels (75 per cent inhibition in 0.5 m Tris). 
Some yeast preparations of glucose-6-phosphate dehydrogenase contain a 
factor destructive to TPNt+. Therefore it is desirable to add the enzyme 
last. Isocitrate and its dehydrogenase might well be substituted for glu- 
cose-6-phosphate dehydrogenase. 

Aliquots of Solution C, 30 ul. each, were treated with either 2 yl. of 1 N 
HCI (briefly) or 2 wl. of 1 Nn NaOH (15 minutes at 60°) to give Solutions 
D and E, respectively. Additional samples equivalent to Solution D were 
further treated with 2 ul. of 2 N NaOH at 60° for 15 minutes to give Solu- 
tion F. Aliquots of Solutions D, E, and F of 25 ul. were added to 100 ul. 
volumes of 8 N NaOH containing 0.01 per cent H2O2 in 3 ml. fluorometer 
tubes. After 60 minutes at 38°, 1 ml. of water was added to each, and 
the fluorescences of these samples and of suitable standards were measured. 

Solution G (volume 560 ul.) was treated with 8 ul. of 0.4 per cent acetal- 
dehyde, 2 wl. of a 1:10 dilution of yeast alcohol dehydrogenase solution 
(Sigma Chemical Company, St. Louis), and 13 ul. of 35 mm sodium Ver- 
senate to give Solution H. The reaction was allowed to proceed for 30 
minutes at room temperature. Under these conditions DPNH at a con- 
centration of 0.023 mm was oxidized almost 100 per cent in less than 1 
minute. The Versene was added to protect alcohol dehydrogenase against 
possible traces of heavy metals. The concentration of Tris is kept low, 
since yeast alcohol dehydrogenase was found to be especially sensitive to 
inhibition by high concentrations of this buffer. (The activity with 0.11 
mm DPNH was only 24 and 9 per cent as great in 0.2 and 0.5 Tris as it 
was in 0.05 m. Tris hydrochloride was used, but the effects of chloride 
ion described by Theorell et al. (4) do not explain this inhibition. NaCl 
at a concentration of 0.5 m inhibited only 45 per cent.) 

After incubation, aliquots of Solution H were treated as described for 
Solution C, and the resulting Solutions I, J, and K were analyzed in the 
same manner as Solutions D, E, and F. 


EXPERIMENTAL 
Fluorescence from DPN* 


Formation of Fluorescence and Stability—As Kaplan et al. observed (3), 
DPN* is destroyed by weak alkali with little development of fluorescence, 
but in strong alkali the destruction results in the formation of a fluorescent 


DPN*+ was not detected, and, if present, must have been at least 1000 times slower 
than with TPN*. 
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product. These authors found that nicotinamide riboside reacted in the 
same manner, but that N'-methylnicotinamide gave only 1.4 per cent as 
much fluorescence as DPN*, while nicotinamide did not develop fluores- 
cence. The DPN* product has an absorption maximum at 360 mu. The 
fluorescence, once developed, is constant from pH 10.5 to 15. It decreases 
to zero at pH 6, with a 50 per cent value at pH 9.6 (3). 

The fluorescence from DPN? increases almost linearly with NaOH con- 
centration from 0.05 to 6 n NaOH. The situation is explicable on the 
basis of two competing reactions, (1) conversion of DPNt to a non-fluores- 
cent product by a reaction which is not accelerated by NaOH stronger 
than 0.05 n and (2) conversion of DPN* to a fluorescent product by a reac- 
tion with velocity proportional to NaOH concentration. The rate of flu- 
orescence development, as this predicts, slows down faster than for an 
uncomplicated monomolecular reaction. The two competing reactions 
must have almost equal temperature coefficients, since maximal fluores- 
cence was found to be the same within 1 per cent at 38°, 45°, or 60°. Once 
fluorescence is developed, it is quite stable except under strong illumination. 
Even heating for 30 minutes at 60° in 6 n NaOH did not affect the fluo- 
rescence. Approximately 10 per cent more fluorescence is produced in 8 
nN NaOH than in 6 Nn, but increasing difficulties due to viscosity recom- 
mend the lower level of alkali. 

In 6 N NaOH the fluorescent product is sufficiently sensitive to destruc- 
tion by ultraviolet light to make readings a little difficult when using a 
strong light source. Fortunately light sensitivity is amazingly diminished 
by dilution (Fig. 2). The sensitivity is 50 times less in 1 N than in 10N 
NaOH. Presumably the light-susceptible molecules represent a small 
minority of the total, and they increase almost as the square of the NaOH 
concentration. Below 1 nN NaOH there is no further decrease in light sensi- 
tivity. 

Elimination of DPNH Interference—The native fluorescence of DPNH 
is about 10 per cent of that of the inducible fluorescence for the same 
amount of DPN+. The fluorescence of DPNH has a broader wave band 
than that of the DPN* product (Fig. 3); hence, the ratio of DPNH fluores- 
cence to inducible DPN+ fluorescence varies with the wave length at which 
it is measured. If DPNH is treated with 6 Nn alkali, fluorescence as great 
as a quarter of that from DPN*+ may be obtained, apparently due to par- 
tial oxidation of DPNH to DPN*. 

Both native and inducible fluorescence from DPNH are completely de- 
stroyed by momentary acidification. The rate of acid destruction of 
DPNH is first order with observed half time of 49 minutes at pH 4.4 and 
0.43 minute at pH 2.4 (23°). Destruction is thus proportional to (H+) and 
would be 99 per cent complete in about 10 seconds in 0.1 Nn HCl. Disap- 
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} Fig. 2. Light sensitivity of fluorescent DPNH product in NaOH of different 
strengths as shown. The ordinate is the per cent of initial fluorescence remaining 
after irradiation for the time indicated. The half times for the four curves are 0.9, 
1.6, 5.8, and 45 minutes. Samples were irradiated at a distance of about 6 cm. from 
the arc of a BH4 mercury arc lamp (General Electric Company, Schenectady). 
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Fic. 3. Fluorescent spectra of DPNH in water, of TPNH in methyl Cellosolve 
with 1 mm Mg, and of the fluorescent product obtained from DPN* with strong alkali. 
. The spectra were obtained on the Beckman spectrophotometer as previously de- 
if scribed (6). TPNH and TPN? gave spectra which were indistinguishable from those 
d for DPNH and DPN+. It should be noted that values are plotted as per cent of the 
d maximum. On an absolute scale, the DPNH curve would have to be reduced by a 
> factor of about 8. 
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pearance of DPNH fluorescence (read in weak alkali) was parallel to disap- 
pearance of light absorption at 340 mu. 

As expected, if nicotinamide riboside is exactly as fluorogenic as DPN?, 
prolonged standing in acid does not appreciably change the amount of 
fluorescence subsequently produced from DPN+t or TPNt. After 1, 20, 
120, and 1000 minutes in 0.2 n HCl, the fluorescences from DPN* had rela- 
tive values of 1.00, 1.01, 1.02, and 1.03, and those from TPN* had relative 
values of 1.00, 1.00, 1.02,and 1.01. (This is also indirect proof that DPN+ 
and TPN? give the same amount of fluorescence.) 

The residual fluorescence obtained with a DPNH solution after acid 
treatment varies with the particular preparation and appears to be due to 
small amounts of DPN* present. In addition, during storage in solution 


TABLE I 
Oxidation of DPNH during Storage 
A sample of DPNH ‘‘90”’ of the Sigma Chemical Company was analyzed for DPN+ 
by the present procedure after storage under the conditions shown. The values are 
recorded for DPN* as per cent of the DPNH initially present. 


24 hrs. 96 hrs. 
Solvent Initial 
25° 4° —20° 4° —20° 
pH 7.1, 0.1™ phosphate........ 1.6 6.9 2.0 2.9 
1.4 2.5 1.3 1.3 1.9 1.7 
we Saag 1.3 2.6 1.6 1.6 2.0 1.8 


* 2-Amino-2-methylpropanol. 


DPNH is oxidized at varying rates, depending upon temperature and pH 
of the solution (Table I). This is of practical concern in keeping the blank 
value as low as possible when DPN*+ formation is being used to measure 
a reaction. Storage at pH 9 in Tris buffer is recommended. 

Proportionality and Reproducibility—F luorescence is proportional to con- 
centrations between 3 X 10-° and 3 XK 10-*m (Table II). At higher con- 
centrations readings are no longer proportional because a significant frac- 
tion of the exciting light is absorbed within the sample so that deeper layers 
are not fully illuminated. 

Reproducibility is largely a matter of stability of the fluorometer and to 
a lesser extent the care with which the fluorometer tubes have been selected 
rather than the reproducibility of the fluorogenic reaction itself. A coefli- 
cient of variation of 1 or 2 per cent is easily attainable at all but the lowest 
levels. The precision is also less if the fluorescence blank is relatively large 
from whatever cause. As with any fluorometric measurement, the tem- 
perature of sample and standard must be the same because of the high nega- 
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tive temperature coefficient (in this case 1.3 per cent per degree between 
20° and 38°). 

Interfering Substances and Specificity—Most substances, in amounts 
likely to be encountered, do not disturb the measurement of DPN*+ or the 
disturbance may be eliminated by dilution. However, it is necessary to 
keep the concentration of certain reactive substances rather low at the 
stage of development of fluorescence in strong alkali. For example, py- 
ruvate and a-ketoglutarate inhibit development of fluorescence at concen- 
trations greater than 0.1 mM at this stage. When a-ketoglutarate was pres- 
ent at concentrations of 0.3, 1.0, and 3.5 mm, the readings with DPN+t were 


TaBLeE II 
Proportionality between Fluorescence and Concentration 
Measurements were made with 1 ml. in 10 X 75 mm. tubes. The concentrations 
are recorded as 10-7 mM. The 10-* Mm DPN* sample and the 3 X 10-7 m DPNH sample 
were used as reference standards for the rest of the samples. 


DPN*; induced fluorescence DPNH;; native fluorescence 
Concentration present Concentration present 
108 90 111 110 
29.6 28 .0 34.2 35.6 
10.8 10.7 11.1 11.3 
2.98 3.07 3.43 3.43 
1.08 1.09 1.04 0.99 
0.31 0.33 
0.112 0.112 
0.031 0.028 


diminished 15, 34, and 63 per cent, respectively. Oxalacetate and glucose 
inhibit if present much in excess of 1 mm during fluorescence development. 
The presence of 0.02 per cent peroxide in the strong alkali will reduce inter- 
ference from all of these carbonyl compounds. In any event it is desirable 
to measure standards under conditions identical to unknown samples. 

When DPNH is treated with acid in the presence of reduced cytochrome 
c, it appears to be oxidized to DPN+. This does not occur with oxidized 
cytochrome c. The oxidation seems to be due to cytochrome c itself, since 
the same effect occurred whether the cytochrome was reduced by ascorbic 
acid, hydrosulfite, or cytochrome reductase. 

Anything which absorbs light at 365 to 550 my will of course decrease 
the reading. This trouble is usually avoidable through dilution and by 
the use of an internal standard. 

The specificity of the reaction for DPN+ has not been extensively tested, 
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since the present use is chiefly for measuring oxidation of DPNH or TPNH 
or the cleavage of DPN+ by DPNase. DPNt and TPN? give the same 
amount of fluorescence within a few per cent (based on assay of the nucle- 
otide preparations with alcohol dehydrogenase and glucose-6-phosphate 
dehydrogenase, respectively). In boiled extracts of liver and brain, fluo- 
rescence from non-pyridine nucleotide substances does not exceed 10 per 
cent of that from total pyridine nucleotides present (see below). 

Comparison with Ketone Method for DPN*—-DPN* may be measured by 
formation of products with acetone (7) or methyl ethyl ketone (8) which 
are strongly fluorescent in acid. The method of Kaplan et al. is almost 
as sensitive as the methyl ethyl ketone method; it is at least as specific 
and simpler and more reproducible. Particularly with very small volumes 
the use of volatile ketone is troublesome. The ketone method gives a 10- 
fold lower reading with DPNH than the strong alkali method and could 
therefore be used to measure DPN+ without pretreatment with acid. 
After destruction of DPNH with acid, in both methods the same low read- 
ing is obtained in the absence of DPN*+. In contrast to the strong alkali 
method, N!-methylnicotinamide gives a strongly fluorescent product with 
acetone or methyl] ethyl] ketone (7, 8). 


Fluorescence from DPNH 


Oxidation of DPNH—Levy and Hunter observed that if DPNH is 
treated with peroxide it then produces fluorescence in strong alkali.§ 
When this was studied more closely, it was found that peroxide (room 
temperature) will not oxidize DPNH at pH 8 or pH 12 (no change in ab- 
sorption at 340 my), but in 6 nN NaOH it will produce a fluorescent product.® 
This is presumably accomplished by first oxidizing DPNH to DPN’, since 
the fluorescence is quantitatively equal to that obtained from DPN* and 
behaves in every way the same. Full fluorescence requires somewhat 
longer to develop than with DPN*, no doubt due to slowness of the oxida- 
tion. 

Full fluorescence is obtained in an hour at 38° with 1 to 3 mm H,.0,, 
whereas with higher H.Oz2 levels destruction occurs (Table III). DPNH 
and TPNH have been indistinguishable in their behavior toward H,0: 
and in the fluorescence produced. 

§ Jerome F. Levy and F. Edmund Hunter, Jr., personal communication. 

¢ Sung and Williams (9) added peroxide to trichloroacetic acid in preparing tissue 
extracts in the hope of oxidizing DPNH and TPNH and thereby preventing destruc- 
tion in acid prior to analysis for total pyridine nucleotides. We have been unable 
to show any oxidation of DPNH either at room temperature or in ice water under 
the conditions prescribed by Sung and Williams (5 per cent H:O: in 1.6 per cent 
trichloroacetic acid). Burton and Lamborg (10) found that DPNH could be oxidized 
in neutral or slightly alkaline solution if Cu or other metals were present. The oxi- 
dation, however, was accompanied by substantial destruction. 
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Destruction of DPN*+—With alkali weaker than 0.01 Nn, destruction of 
DPN? is excessively slow. With alkali stronger than 0.05 Nn, appreciable 
fluorescence develops during DPN*+ destruction. Between these limits 
after treatment for 15 minutes at 60° or 2 hours at 38° the fluorogen- 
icity is reduced to less than 1.5 per cent of the initial value. An hour 
in 0.02 n NaOH at 60° had no discernible effect on DPNH. Approxi- 
mate half times for destruction of DPN* have been found to be, respec- 
tively, 12, 5, and 3.5 minutes at 38° in 0.005, 0.02, and 0.04 n NaOH and 
2 and 0.5 minutes at 60° in 0.005 and 0.02 n NaOH. 


TaBLeE III 
Effect of Peroxide on Fluorescence from DPNH and DPN* 

The peroxide was allowed to act at 38° in 6.5 n NaOH at the concentrations indi- 
cated, and the samples were then diluted 10-fold to be read. The values are ex- 
pressed as per cent of the fluorescence obtained with an equivalent amount of DPN+* 
in the absence of H202. 


30 min. 60 min. 
DPNH DPN* TPN*t DPNH DPN* 
mM per |. 
0 21 97 26 100 
0.5 67 98 89 99 
1.1 81 97 96 98 
3.3 94 95 97 96 
10.2 94 94 91 93 93 
29 84 80 
101 58 57 


A phosphate buffer may be substituted for dilute NaOH to permit more 
latitude in bringing well buffered solutions to the proper alkaline pH. 
Final ratios of HPO. to PO from 2:1 to 1:3 were satisfactory. Car- 
bonate buffers are not sufficiently alkaline. 

The residual fluorescence obtained after destruction of DPN* is the same 
after further treatment with 6 n NaOH alone or with 6 Nn NaOH contain- 
ing 0.01 per cent H2Ox>. 

Reproducibility and Interfering Substances—To obtain maximal repro- 
ducibility in measuring DPNH in the presence of a large excess of DPN?t, 
it is necessary to be sure that the sample is well mixed during the destruc- 
tion of DPN+ and that none of the sample escapes contact with the alkali. 
Anything which reacts with peroxide can interfere in sufficiently high con- 
centration. ‘Thus glucose or glucose-6-phosphate concentration must be 
kept below 1 mm during the alkaline reaction, or else the peroxide concen- 
tration must be increased. 
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Natwe DPNH Fluorescence 


The simplest method for measuring DPN*t or TPN?* reduction is by the 
native fluorescence of the reduced nucleotides. The only disadvantage is 
the 10-fold lower sensitivity as compared to the indirect procedure. It 
was found, however, that Mg, under certain circumstances, can greatly 
enhance the fluorescence of TPNH, and this might cause serious error if 
not recognized. 

If a TPNH solution containing Mg is added to 0.003 n NaOH, the fluo- 
rescence nearly triples (Fig. 4). Under the same circumstances, DPNH 
fluorescence is only increased by a third to a half. Very low concentra- 


86%. Ethanol 


@ eutral 
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® 

| 

w 

24 

Water with 3mM NaOH 

) 


Mg concentration 
O 0.5 | 1.5 2 
Fig. 4. Effect of Mg and alkali on fluorescence of TPNH in water and ethanol 


tions of Mg are required (Fig. 4). The fluorescence is not constant. It 
reaches a peak in 5 or 10 minutes, then falls slowly for several hours. If 
Mg is added to the alkali before the TPNH, there is little enhancement at 
first, but finally the fluorescence rises to an intermediate value. The lack 
of initial enhancement is probably due to prior precipitation of Mg(OH)s, 
which is only slowly available for complex formation with TPNH. The 
maximal enhancement is in 0.003 N NaOH. Presumably, with more alkali 
the Mg*t* concentration is reduced so low as to be ineffective. 

Sr and Ca have almost no effect in water solutions (Table IV), but in 
organic solvents a wide variety of polyvalent cations are capable of enhanc- 
ing the fluorescence of both DPNH and TPNH (Table IV). Furthermore 
some of the effects are observed in neutral solution. It will be noted that 
the organic solvents themselves enhance the fluorescence of the reduced 
nucleotides. 


75 
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Versene, citrate, or tartrate can abolish or diminish the enhanced fluo- 
rescence due to Mg in water or alcohol. More Versene is required to erase 


TaBLe IV 
Effect of Various Cations on Native Fluorescence of DPNH and TPNH 
in Four Solvents 
The values are calculated as per cent of the fluorescence in water. DPNH and 
TPNH were either 2.5 or 5 X 10-5 m, and both compounds had the same fluorescence 
in water on an equimolar basis. The NaOH and NH,OH concentrations were 3 and 
10 mM, respectively. The cation concentrations were all 1 mM. 


2 | | Six ta 

H.O...........|DPNH | 100 | 102 | 102 | 101 | 185 | 106 | 102 | 102 | 102 | 112 

« ..........ITPNH | 100 | 103 | 102 | 101 | 281 | 109 | 102; 108 | 103 | 139 

Ethanol.......;DPNH | 167 | 154* | 167 | 647 | 517* | 468* | 760 | 685 | 580 | 952 

Sy eee 92 | 119* | 78 | 343 | 229* | 247* | 192 | 235 | 242 | 335 

n-Propanol....;DPNH | 297 | 164 | 247 | 482 | 461 | 422 | 820 | 514 | 471 | 591 

” ..../ TPNH 74 | 137 57 | 95 | 297 | 189 79 | 721} 70) 88 
Methy! Cello- 

MUO. 5 cid DPNH | 209 | 127 | 226 | 728 | 455 | 358 | 697 | 702 | 588 | 263 

si ‘‘ . |TPNH | 173 | 148 | 192 | 752 | 421 | 348 | 728 | 720 | 604 | 263 


*These ethanol concentrations were 90 per cent; all the rest were 99 per cent. 
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Fic. 5. Effect of Versene on fluorescence of DPNH and TPNH in 86 per cent 
ethanol in the presence of Mg. 


the enhancement of TPNH fluorescence than of DPNH fluorescence (Fig. 
0). This, together with the much smaller effect on DPNH than TPNH 


V 
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in water, indicates that Mg is much more strongly bound by TPNH (with 
its extra phosphate group) than by DPNH in water or in 86 per cent eth- 
anol. In n-propanol, under certain circumstances, TPNH is much less 
fluorescent than DPNH (Table IV). The absorption spectrum of TPNH 
is shifted slightly (3 to 5 my) to longer wave lengths by Mg in 0.003 n 
NaOH. The fluorescence spectrum is narrowed and shifted to shorter 
wave lengths both by Mg in dilute alkali and by organic solvents. The 
greatest shift occurs with Mg in an organic solvent (Fig. 3). 

The enhancement of TPNH and DPNH fluorescence might be expected 
to serve some analytical purpose, but the disadvantages seem to outweigh 
most advantages. The enhanced fluorescence is not very stable. There 
is usually some precipitated hydroxide present, and the nucleotides appear 
to be absorbed in part on the precipitate; thus, fluorescence is affected by 
remixing. The greatest enhancement occurs in organic solvents. Un- 
fortunately it is difficult to remove the last traces of fluorescence from or- 
ganic solvents, consequently the optical blanks are much larger than in 
water. For this reason, when more sensitivity is needed, the conversion 
of DPNH to DPN? and thence to the strong alkali product is the preferred 
procedure. 

Possibly some advantage might be taken of the differential effect of Mg 
on TPNH, but it seems preferable to distinguish between TPNH and 
DPNH with appropriate enzymes (see below). A more practical applica- 
tion may be in the measurement of minute amounts of divalent cations. 

The temperature coefficient of DPNH fluorescence is —1.6 per cent de- 
gree between 20° and 38°. DPNH and TPNH in water or dilute alkali, 
in the absence of polyvalent cations, give within analytical limits the same 
fluorescence per mole. Also the fluorescent spectra (Fig. 3) are indistin- 
guishable. 


Illustrative Data 


The results of assays for lactic dehydrogenase and for 6-phosphogluco- 
nate dehydrogenase in single large nerve cell bodies (Table V) can serve 
to illustrate the sensitivity and over-all reproducibility of measurement of 
DPN? in the presence of DPNH and the measurement of TPNH in the 
presence of TPN* (by the strong alkali method). It is expected that some 
variation should exist from one single cell to the next. The cell body cap- 
sules are particularly variable because of dissection difficulties. The val- 
ues from the control area of Ammon’s horn may be the best measure of re- 
producibility. 

Glucose-6-phosphate dehydrogenase in brain has a very low Kj, for 
TPN+t. By direct measurement of TPNH formation it was possible to 
work with very low TPN?* levels and easily assess the Michaelis constant 


(Fig. 6). 
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Further illustration of the use of the procedures presented may be seen 
in methods for glutamic dehydrogenase, glutamic-aspartic transaminase in 
retinal samples of 0.1 y (11), and single nerve cell bodies (12). A method 


TABLE V 


Lactic Dehydrogenase and 6-Phosphogluconic Dehydrogenase in Single 
Nerve Cell Bodies (Rabbit) 


The activities are recorded as moles per kilo of dry weight per hour. The dry 
weight of each sample is given. Lactic dehydrogenase (LDH) was measured by the 
DPN*+ formed from pyruvate and DPNH. Incubations were in 2 ul. for 30 minutes. 
Fluorescence was read in 1 ml. 6-Phosphogluconic dehydrogenase (6PGDH) was 
measured by the TPNH formed from 6-phosphogluconate and TPN*t. Incubations 
were in 1 wl. for 60 minutes. Fluorescence was read in 60 wl. by the indirect method. 


Dorsal root ganglion cell bodies Anterior horn cell bodies 
Weight | Weight | | weight | | Weight | 
myugm mygm. myugm. 
8.9 44.6 15.1 0.96 6.9 27 .6 6.5 0.75 
6.4 41.2 12.2 0.96 12.1 26.8 5.2 0.65 
8.3 49.2 5.5 1.00 9.2 26.3 5.7 0.65 
11.5 57.2 6.7 1.25 8.5 24.0 5.3 0.68 
9.1 50 .2 11.9 0.92 8.7 24.8 8.3 0.99 
13.1 1.12 7.9 29.5 7.7 0.68 
8.7 1.00 9.7 21.5 5.6 0.70 
5.3 27.7 
Average..... 48.5 1.03 26.0 0.73 
Capsules of dorsal root ganglion cell bodies Control region of dendrites* 
8.6 21.3 20.7 1.29 13.1 53 .6 14.8 0.86 
13.0 18.4 14.3 2.00 13.6 53.7 13.3 0.81 
11.2 23.5 15.3 1.71 13.8 56 .2 16.7 0.78 
11.8 26.7 5.7 1.57 11.5 54.6 9.7 0.81 
12.8 17.3 9.5 1.73 13.8 55.8 15.1 0.79 
6.7 19.1 15.3 55.3 12.1 0.80 
7.0 21.7 19.1 53.9 
Average..... 21.1 1.66 54.7 0.81 


* Zona radiata from Ammon’s horn. 


for malic dehydrogenase based on the fluorometric determination of DPN+ 
formed with oxalacetate is sufficiently sensitive to measure this enzyme in 
one large mitochondrion (12). 

A final illustration of the use of these wabhiodei is in the measurement of 
the naturally occurring pyridine nucleotides in brain and liver (Table VI). 
The values were highly reproducible, and the sums of the separately meas- 
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ured nucleotides closely approximated the directly observed totals for oxi- 
dized PN, reduced PN, and total PN. However, judging from the results 
with a known mixture, the reduced nucleotide values may be 10 or 15 per 
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Fic. 6. Plot for assessing Michaelis constant of TPN*+ with rabbit brain glucose-6- 


phosphate dehydrogenase. 


ings of the native fluorescence of TPNH as formed. 


ranged from 10~‘ to 10-* m. 


TaBLeE VI 
Measurement of Native Pyridine Nucleotides in Liver and Brain 


All measurements were made in triplicate. 


The initial velocities were calculated from direct read- 
Initial TPN*+ concentrations 


The pooled standard deviations were 
0.005 and 0.0016 mm per kilo for liver and brain, respectively. 


Known mixture 


Liver Brain 
Galcu- | Observed 
mM per kg mM perkg. perl. 
0.063 0.012 0.114 | 0.097 
DPN*t + TPN‘, observed.................. 0.588 0.245 0.413 | 0.417 
‘“ + “ by summation............ 0.613 0.251 0.413 | 0.439 
DPNH + TPNH, observed................ 0.280 0.116 0.336 | 0.288 
by summation........... 0.281 0.119 0.336 | 0.300 
Total PN, observed........................ 0.903 0.373 0.749 | 0.720 
by summation.................. 0.894 0.370 0.749 | 0.739 


cen 
ing 
] 
| of 
| | | | the 
| | val 
lev 
| 
nu 
y | 
| 
| 
| | oti 
| as 
| | py 
3 4 | 
ing 
it 
| 
| | | 
| er 
lar 
la 
al 
ar 
1 


O. H. LOWRY, N. R. ROBERTS, AND J. I. KAPPHAHN 1063 


cent low, possibly due to oxidation and destruction during the initial heat- 
ing step. 

Evidence of specificity for total PN was obtained by measuring the rate 
of destruction of the alkali product with ultraviolet light. The rates were 
the same for those for known DPN? and for tissue extracts down to blank 
values. 

Dr. Paul Greengard has developed procedures for measuring the tissue 
levels of a number of substrates through reduction or oxidation of pyridine 
nucleotides. The oxidized nucleotides are measured by the fluorescence 
developed with methyl ethyl ketone, the reduced nucleotides by their 
native fluorescence (13). 


SUMMARY 


1. The fluorometric method of Kaplan, Colowick, and Barnes has been 
adapted to permit the measurement of oxidized diphosphopyridine nucle- 
otide (DPN*) or triphosphopyridine nucleotide (TPNt) at concentrations 
as small as 10-5 m in the presence of large excesses of reduced diphospho- 
pyridine nucleotide (DPNH) or triphosphopyridine nucleotide (TPNH). 

2. Similarly a method with the same sensitivity is presented for measur- 
ing DPNH or TPNH in the presence of large excesses of DPN*+ or TPN*. 
The oxidized nucleotide is destroyed in dilute alkali, after which the re- 
duced nucleotide is treated with peroxide in strong alkali. This converts 
it first to DPN+ or TPN? and then to the fluorescent product of Kaplan 
etal. in one analytical step. 

3. Alternatively the reduced nucleotides may be measured by their na- 
tive fluorescence. Fluorescence of TPNH but not that of DPNH is en- 
hanced 3-fold by Mg in dilute alkali. The fluorescence of both DPNH 
and TPNH is greater in organic solvents than in water and is further in- 
creased by a variety of cations. 

4. Possible uses of the methods are illustrated by measurements of the 
lactic dehydrogenase and 6-phosphogluconate dehydrogenase activities of 
large single nerve cell bodies, by evaluation of the Michaelis constant for 
TPNH with brain glucose-6-phosphate dehydrogenase (2.8 X 10-* M), 
and by determinations of individual values for DPN+, DPNH, TPN?*t, 
and TPNH in brain and liver. 
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ACTION OF TYROSINASE ON a-LACTALBUMIN, 
B-LACTOGLOBULIN, AND RIBONUCLEASE 


By KERRY T. YASUNOBU* anno WALTER B. DANDLIKERt 


(From the Department of Biochemistry, University of Washington, 
Seattle, Washington) 


(Received for publication, May 14, 1956) 


Previous studies! suggested, in agreement with Edman (1), that tyro- 
sinase is unable to oxidize the tyrosine residues of chymotrypsin, trypsin, 
and derivatives. Other proteins have now been examined to determine 
their susceptibility to attack by tyrosinase. 

The oxidation of tyrosine residues in intact proteins is of interest for 
several reasons. First, the reaction should prove valuable for determining 
the necessity of the tyrosine residue for biological activity (2) when an 
agent far more specific than most chemical methods is employed, and, 
second, tyrosinase may distinguish between tyrosine residues freely avail- 
able for oxidation in the native protein and those freed only after denatura- 
tion. 

In studying this reaction, it is necessary to use a protein substrate which 
is free from peptide impurities, which does not autolyze (absence of extrane- 
ous proteolytic enzymes), and which preferably undergoes a rapid oxida- 
tion which reaches a definite limit. Among the proteins studied, a-lactal- 
bumin and ribonuclease meet the above requirements. In this study we 
have attempted to show that the tyrosine residues of a-lactalbumin are 
oxidized by tyrosinase and have characterized some of the physical proper- 
ties of the oxidized protein. In addition, we find that one of the tyrosine 
residues of ribonuclease is readily attacked. 


EXPERIMENTAL 
Materials 

a-Lactalbumin was kindly furnished by Dr. E. W. Davie and had been 
prepared as described by Gordon and Semmett (3). Possible tyrosine and 
tyrosine-containing peptides were removed by passing a solution of the 
protein through a column of Dowex 50 resin (200 to 300 mesh, 8 per cent 
cross linkage) in the hydrogen form; the solution was then lyophilized. 

* Present address, Department of Biochemistry, University of Oregon Medical 
School, Portland, Oregon. 

t The authors wish to acknowledge support by funds from Initiative 171, State 


of Washington, and from grant No. H-2217 of the National Heart Institute. 
1 Yasunobu, K. T., and Dandliker, W. B., to be published. 
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B-Lactoglobulin was kindly donated by Dr. P. E. Wilcox and was pr. 
pared according to the method of Palmer (4) from the same sample of milk 
from which a-lactalbumin was prepared. The crystalline protein was 
made isoionic by passing the protein in solution through a mixed bed regip 
according to Oncley and Dintzis (5). Ribonuclease, purchased from the 
Worthington Biochemical Corporation, was reported to be free from con- 
tamination by proteolytic enzymes. Because the available amount was 
small, no attempts were made to purify the enzyme further. 

Protein concentrations were determined either by ultraviolet absorption 
at 280 my or by weighing the protein directly. £}%,. was taken to be 
18.5 for a-lactalbumin (6) and 9.7 for B-lactoglobulin.? 


Methods 


Oxygen uptake was determined at 37° with the conventional Warburg 
apparatus. The total volume of the reaction mixture was 3.0 ml. and con- 
sisted of 1.0 ml. of 0.2 m phosphate buffer, pH 7.3, and 0.2 ml. of commer. 
cial tyrosinase, together with substrate and water. The control flask was 
identical except that the tyrosinase was boiled for 10 minutes. 

Spectrophotometric determinations were made with the Beckman DU 
spectrophotometer with 1 cm. cells. At the appropriate time, the reaction 
mixture from the Warburg flask was diluted 10-fold and 3 ml. were used 
for the spectrophotometric determinations. 

Ultracentrifuge studies were made in the Spinco model E ultracentrifuge, 
and electrophoretic experiments were carried out in the Spinco model H 
apparatus. 

Amino acid analysis of the oxidized and unoxidized forms of a-lactalbu- 
min was carried out according to the method of Moore and Stein (7). 
After 18 hours of incubation with tyrosinase, 19 mg. of both the oxidized 
and unoxidized (contained boiled tyrosinase) forms of a-lactalbumin were 
lyophilized. The samples were then hydrolyzed for 24 hours in 6 n HC 
in sealed tubes from which oxygen had been displaced with nitrogen, be- 
fore sealing the tubes. Measured portions were then removed and ana- 
lyzed. 


Results 


Oxygen Uptake—Fig. 1 and Table I show the oxygen consumption when 
tyrosinase is incubated with a-lactalbumin, ribonuclease, and 6-lactoglob- 
ulin. No uptake was observed with. 6-lactoglobulin. The curve for 
ribonuclease approaches a constant value of 15.6 ul. of O2 (37° and 1 at- 
mosphere) per 8 mg. of ribonuclease. The reaction with lactalbumin con- 


tinues for a longer time, and a reliable estimate of the final value is not 


2 Personal communication from Dr. P. E. Wilcox. 
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easily obtained from Fig. 1. With the lactalbumin data treated as a 
second order reaction, a good fit was obtained. The results are shown in 


TaBLeE I 
Chemical Groups of Proteins and Reactivity toward Tyrosinase* 
Protein Molecular weight | No. of tyrosine | No, of SH groups | 2 consumed per 
moles 
a-Lactalbumin......... 15,100 (3) 5 (3) 0 (8) 4.7 
6-Lactoglobulin........ 40,000 (9) 9 (10) 4 (10) 0 
Ribonuclease.......... 14,000 (11) 6 (11) 0 (11) 1.1 


* The numbers in parentheses represent the references. 


140 
ALPHA-LACTALBUMI 


120 


8 


Microliters oxygen 


3 


20 RIBONUCLEASE 


BE TA- LACTOGLOBULIN 


re) 5 10 15 
Hours 


Fic. 1. Data on oxygen uptake for tyrosinase incubated with a-lactalbumin (17 
mg.), ribonuclease (8 mg.), and B-lactoglobulin (20 mg.). The experiment was con- 
ducted at pH 7.3 and 37° in the presence of tyrosinase (1300 catecholase units and 27 
p-cresolase units). 


Fig. 2, which indicates that complete reaction with 17 mg. of a-lactalbumin 
would consume 135 yl. of O2 (37° and 1 atmosphere). 

Amino Acid Analysis—Analysis of the unoxidized and oxidized forms of 
a-lactalbumin indicated that about 28 per cent of the tyrosine originally 
present in the native protein was still present after oxidation by tyrosinase. 
There is some doubt in interpreting this result, since it is not known how 
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the product of hydrolysis resulting from the oxidized tyrosine residue would 
behave in the Moore and Stein separation. 

Ultraviolet Absorption—Mason (12) and Sizer (2) have studied the 
changes in ultraviolet absorption when tyrosine is oxidized by tyrosinase, 
Fig. 3 demonstrates the changes in the absorption spectrum of a-lactal- 
bumin after 20 hours of incubation with tyrosinase. The unoxidized or 
control solution contained the same concentration of a-lactalbumin and 
tyrosinase, but the tyrosinase was boiled for 10 minutes prior to incubation. 
There is a marked increase in absorption throughout the ultraviolet region 


= do~ 


(135-pl. O,) 
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Fic. 2. The oxidation of a-lactalbumin by tyrosinase plotted as a second order 


reaction. The constant 135, obtained by trial, gives the limiting value for the oxy- 
gen uptake. 


and a new maximum appears at 350 mp. The spectrum is different from 
that obtained when tyrosine or 3 ,4-dihydroxyphenylalanine is oxidized by 
tyrosinase and appears to be due to the oxidation of the tyrosine resi- 
dues in intact a-lactalbumin. The spectrum is also different from that of 
solutions obtained upon incubation of tyrosinase with a-chymotrypsin or 
trypsin in that a sharp maximum is obtained at 350 mu. 

Ultracentrifugal Studies—Since tyrosine undergoes extensive polymeriza- 
tion upon oxidation by tyrosinase with the resultant formation of the in- 
soluble pigment melanin, it was of interest to see whether the oxidation of 
the tyrosine residues in a-lactalbumin would cause intermolecular poly- 
merization. Moreover, ultracentrifugation should reveal any major break- 
down of a-lactalbumin owing to contamination by proteolytic enzymes in 
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either the a-lactalbumin or tyrosinase preparations. After 20 hours of 
incubation with tyrosinase at 37°, both the control and the oxidized samples 
of a-lactalbumin were dialyzed (pH 7.3) against 0.1 m citrate-0.2 m Na»- 
HPO, buffer for 16 hours. Instead of varying the protein concentration 
to obtain the sedimentation constant at infinite dilution, the following ex- 
periments were conducted. In the first experiment, a 0.7 per cent solution 
of oxidized a-lactalbumin was centrifuged, and 82¢ (in buffer) was found to 
be 1.9 Svedberg units. In the second experiment, a mixture of the unoxi- 
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Fic. 3. Absorption spectrum of oxidized (Curve B) and unoxidized (Curve A) 
a-lactalbumin. Oxidized a-lactalbumin was treated for 19 hours with tyrosinase, 
and the reaction mixture was diluted 10-fold. Unoxidized a-lactalbumin contained 
tyrosinase which had been boiled for 10 minutes. 


dized and oxidized protein (0.7 per cent of each) was run and the seo was 
2.2 Svedberg units. Fig. 4, which represents the sample containing both 
unoxidized and oxidized a-lactalbumin, demonstrates that there is no in- 
termolecular polymerization, since there is no major difference in the sedi- 
mentation constants for the mixture of the oxidized and unoxidized sam- 
ples and the sample containing unoxidized protein alone. 

Electrophoretic Experiments—Since the data for oxygen uptake and the 
amino acid analyses of lactalbumin indicated that tyrosine residues were 
being oxidized, it seemed possible that this change might be reflected in 
an alteration of the electrophoretic mobility in alkaline solutions in which 
the phenolic group of the tyrosine is ionized. Also, as discussed in the 
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previous experiment, polymerization upon oxidation or any major break- 
down of the a-lactalbumin owing to contamination by proteolytic enzymes 
might be expected to give rise to new components. 

Fig. 5 shows the electrophoretic patterns of both the unoxidized and oxi- 
dized samples of a-lactalbumin at pH 11.5. In these experiments, both 
samples were dialyzed against glycine-NaOH buffer, pH 11.5, and 0.2 
ionic strength prior tothe run. The electrophoretic mobility for the unoxi- 


Fic. 4. The sedimentation diagram of a mixture of oxidized and unoxidized a-lac- 
talbumin. The total protein concentration was 1.4 per cent and consisted of equal 
amounts of the oxidized (incubated with tyrosinase for 19 hours) and unoxidized 
(boiled tyrosinase) a-lactalbumin. 


B 
Fig. 5. A, ascending and descending electrophoretic patterns of 0.9 per cent oxi- 
dized a-lactalbumin (19 hours) in glycine-NaCl buffer, pH 11.5, 0.2 ionic strength, 
photographed at 300 minutes with a 60° edge. B, ascending and descending electro- 


phoretic patterns of 0.9 per cent unoxidized a-lactalbumin. Conditions the same as 
those in A. 


dized sample was 9.94 X 10-* cm.? volt—! sec.—! and, for the oxidized lac- 
talbumin, 10.15 & 10-*. The difference between these values is probably 
within experimental error. 

Absence of Proteolysis—In order to exclude further the possibility that 
proteolysis might be responsible for the attack upon lactalbumin by tyro- 
sinase, the following experiment was conducted. 25 mg. of a-lactalbumin 
were dissolved in a total volume of 3 ml. containing the same amounts of 
water and buffer as those used in the oxygen uptake studies, and the solu- 
tion was allowed to dialyze against 100 ml. of distilled water for 6 hours 
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at 37°. The outer fluid was then concentrated to approximately 3 ml., 
and 0.2 ml. of stock tyrosinase was added and the oxygen uptake studied. 
No oxygen uptake or color changes could be detected. Moreover, Davie 
(6) has determined the C-terminal amino acid of a-lactalbumin (same prep- 
aration) by the carboxypeptidase method (13) and was not able to detect 
any ninhydrin-positive material other than the C-terminal leucine, indicat- 
ing that the preparation was free from impurities and that no proteolysis 
had occurred. 


DISCUSSION 


This work confirms the contention of Sizer (2) that tyrosinase is able to 
oxidize the tyrosine residues of some intact proteins. An attempt was 
made to show unequivocally that the tyrosine residues were being oxi- 
dized and that the oxygen uptake observed was not due to bound im- 
purities or to products of autolysis. Impurities were removed from the 
crystalline proteins by passing the proteins through ion exchange resins. 
The oxidized a-lactalbumin was shown to be practically indistinguishable 
from the native protein in electrophoretic and ultracentrifugal experiments. 
No hydrolysis of the a-lactalbumin due to proteolytic enzyme contamina- 
tion could be detected. The data on oxygen uptake on lactalbumin 
indicated that 135 wl. of O2 were consumed by 17 mg. of protein. With 
a molecular weight of 15,100 for lactalbumin (3), an oxygen uptake of 4.7 
moles of O2 per mole of lactalbumin results. Amino acid analysis (14) 
indicates that there are 4.5 to 4.6 tyrosine residues per mole of lactalbumin, 
suggesting that each tyrosine reacts with 1.0 oxygen molecule. The amino 
acid analysis indicated that 28 per cent of the tyrosine present in native 
lactalbumin can be found in the oxidized protein. It is possible to place 
alternative interpretations upon this result. First, it is possible that the 
oxidation product of the tyrosine residue appears at the same point in the 
analysis of Moore and Stein but gives a color value of about 28 per cent 
that of tyrosine. It should be mentioned that no new peak due to an 
oxidation product was observed. Second, one might suppose that some 
tyrosine residues react with more than 1 oxygen molecule while other resi- 
dues do not react at all. At present we are unable to decide between these 
alternatives. For ribonuclease of the molecular weight 14,000 (11), the 
uptake is 1.1 oxygen molecules per molecule of protein. This amount of 
oxygen would be sufficient to convert the tyrosine residue to the quinone 
form. While it seems likely in lactalbumin that all the residues are suscep- 
tible to tyrosinase action, only one out of a total of six reacts in ribonuclease. 
In B-lactoglobulin none of the residues is oxidizable. 

To characterize the oxidized form of a-lactalbumin further and to ob- 
tain additional evidence of the oxidation of the tyrosine residues, the ultra- 
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violet spectrum was studied and ultracentrifugal and electrophoretic studies 
were carried out. The ultraviolet spectrum was different from that of 
oxidized tyrosine or the spectrum obtained when a-chymotrypsin or tryp- 
sin! is incubated with tyrosinase in that a new maximum at 350 my was 
formed. Ultracentrifugal studies also indicated that the oxidation of a-lac- 
talbumin is different from the oxidation of tyrosine, since there was no 
polymerization of the oxidized a-lactalbumin molecule. These differences 
may result from the steric and other constraints to which the tyrosine resi- 
due is subjected in the protein molecule. 

It is not certain why tyrosine residues within proteins vary so widely in 
their reactivity toward tyrosinase, as indicated in Table I. Several ob- 
vious factors may, however, be of importance. The tyrosine residue may 
be sulfated as found by Bettelheim (15); the SH group of cysteine may 
inhibit tyrosinase or hydrogen bonding, and steric factors may render the 
tyrosine inaccessible to attack by tyrosinase. 


SUMMARY 


The action of tyrosinase on some proteins purified by ion exchange resins 
has been studied. On the assumption that the oxidation of 1 tyrosine resi- 
due consumes 1 molecule of oxygen, all the residues of a-lactalbumin are 
oxidized, and 1 out of 6 residues of ribonuclease is oxidized, while none of 
the residues in f-lactoglobulin is oxidized. Various tests were carried out 
to show the absence of proteolysis. Some of the properties of oxidized 
a-lactalbumin were compared to those of the native protein. 
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The discovery of naturally occurring peptides containing ornithine (e.g. 
tyrocidin A, gramicidin, and gramicidin 8) raises the question of their 
interaction with proteolytic enzymes. The literature contains no refer- 
ence to the enzymatic cleavage of ornithine peptides or amides other 
than the report of Brand and coworkers (1), in 1949, that trypsin failed 
to attack poly-L-ornithine or benzoyl-L-ornithine amide. Partially gua- 
nidinated polyornithine was hydrolyzed to an extent which was apparently 
greater than would have been predicted from the number of ornithine 
residues guanidinated (7.e. the number of arginine residues). 

This paper describes a peptidase system derived from a cell-free extract 
of a strain of Bacillus brevis (ATCC 9999, the organism which produces 
gramicidin S) capable of hydrolyzing ornithine peptides. More than one 
ornithine peptidase has been demonstrated. A preliminary account of 
this work has already been presented (2). 


Materials and Methods 


Assay Methods—Peptidase activity was assayed by the measurement of 
ornithine liberated by hydrolytic cleavage of the ornithine peptide. In 
earlier experiments, for the substrates di- and tri-L-ornithine, the amount 
of free amino acid was measured by means of the carboxy] nitrogen tech- 
nique of Van Slyke et al. (3). Subsequently, a modification of the Chinard 
method (4) was employed which was more convenient and, in addition, 
was specific for free ornithine. The procedure differed from Chinard’s in 
two respects: (a) Color development was allowed to proceed at a higher 
pH, since it was felt that Chinard’s conditions could cause peptide hydrol- 
ysis, and (b) the time of development was cut from 1 hour to 12 minutes 
without significant decrease in sensitivity. 

0.1 ml. of the solution to be assayed was pipetted into a test tube cali- 
brated to hold 7 ml. 1.4 ml. of water, 25 mg. (by scoop) of solid citrate 
buffer, pH 2.5 (prepared according to Van Slyke et al. (3)), and 0.5 ml. of 
a solution containing 50 mg. of ninhydrin per ml. of glacial acetic acid 

* This investigation was aided by a contract between the Office of Naval Research, 


Department of the Navy, and Columbia University. Reproduction in whole or in 
part is permitted for any purpose of the United States Government. 
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were added. The tube was capped and placed in a boiling water bath for 
12 minutes. The red precipitate formed was brought into solution by the 
addition of glacial acetic acid to the 7 ml. mark. To insure complete 
solution, the test tube was placed in the still warm (about 80°) water bath 
for 5 minutes; it was then cooled to room temperature and read in a 
Coleman model No. 9 Nephocolorimeter at 525 my. The color was stable 
for at least 3 hours. Ornithine peptides produced no color. Beer’s law 
was found to hold over the working range of 3 to 30 umoles of ornithine. 

Preparation of Cell-Free Extract—B. brevis (ATCC 9999) was grown in 
Roux bottles at 37° for 5 days in a medium! consisting of 3 per cent glucose, 
1.5 per cent N-Z amine B (Sheffield Chemical Company, Norwich, New 
York), and a salt mixture described by Lewis et al. (5). The depth of the 
medium in the culture bottles was about 1 cm. 

The organisms were collected in a Sharples supercentrifuge, resuspended 
in tap water, and disintegrated ultrasonically. Bacterial debris was re- 


moved by centrifugation in a refrigerated centrifuge at 1000 X g, followed © 


by 30,000 X g for 1 hour in a Spinco ultracentrifuge. The supernatant 
solution was dialyzed against running tap water for 24 hours and finally 
lyophilized. This material, when stored over CaCl, at room temperature, 
remained stable for 1 year. 

Substrates—I am indebted to Dr. Jerome Polatnick for the peptides, 
di-t-ornithine dihydrochloride, tri-L-ornithine trihydrochloride, and p-or- 
nithyl-L-ornithine dihydrochloride, and also for monohydrochlorides of the 
peptides, t-alanyl-t-ornithine, t-ornithyl-t-alanine, 1L-ornithylglycine, 
glycyl-L-ornithine, L-ornithyl-p-alanine, and p-alany]-L-ornithine. 


Results 


Preliminary experiments, by use of paper chromatography to follow the 
hydrolytic processes, were carried out to determine the behavior of the 
cell-free extract toward ornithine peptides. The solvent system used was 
that of Waley and Watson (6); butanol-acetic acid-pyridine-water (30:6: 
20:24). 

In a typical experiment, 0.2 ml. of substrate solution, containing 10 mg. 
per ml., was incubated with 0.2 ml. of cell-free extract, containing 1 mg. 
of N per ml., in m/15 phosphate buffer, pH 7.8. Di- and tri-L-ornithine 
were both hydrolyzed to ornithine under these conditions. Hydrolysis 
was found to be inhibited by Versene at a concentration of 1 mg. per ml. 
and was accelerated by the presence of 0.001 m Mnt, and to a lesser 


1 We are indebted to Dr. C. P. Hegarty, Sharp and Dohme, Division of Merck 
and Company, Inc., West Point, Pennsylvania, for the specifications of the medium. 

2 The synthesis of these peptides is described in the dissertation of Dr. J. Polat- 
nick (Department of Biochemistry, Columbia University) for the degree of Doctor 
of Philosophy and in an article which is now in preparation. 
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extent by the same concentration of Cot+ and Nit+. Mgtt, Cat*, Fet*, 
and Fe+*++ had no effect. Zn++ markedly inhibited the hydrolysis of both 
substrates. 

Peptidase activity was not inhibited by ovomucoid, diisopropylfluoro- 
phosphate, or soy bean trypsin inhibitor. 

No evidence could be obtained by chromatographic techniques that 
transpeptidation of ornithine peptides was catalyzed by this system. 

Di- and tri-L-ornithine were found to be resistant to the action of trypsin, 
pepsin, carboxypeptidase, and papain. Aminopeptidase, isolated by the 
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Fig. 1. Effect of pH on rate of hydrolysis of di- and tri-L-ornithine. The digests 
contained 0.2 ml. of 0.05 m substrate and 0.2 ml. of cell-free extract (0.3 mg. of N 
per ml.) in 0.05 m Tris buffer at the appropriate pH. Samples (0.1 ml.) were drawn 
at zero time and at 60 minutes, and free ornithine was estimated by using the car- 
boxyl nitrogen technique of Van Slyke et al. (3). The slope of the S-shaped curves 
levels off at a pH of about 8.75. Arrows and dashed lines designate pH values at 
half maximal activities. 


procedure of Smith and Polglase (7) and from Worthington hog intestinal 
mucosa extract, hydrolyzed both peptides to ornithine.* 

pH Optimum—The pH optimum of ornithine peptidase activity was 
determined for the substrates di- and tri-t-ornithine. The results are 
plotted in Fig. 1. This mode of behavior can be explained if it is assumed 
that one enzyme is attacking both substrates and that this enzyme is an 
aminopeptidase. The latter point will be investigated more fully when a 
more highly purified preparation is isolated; however, the data presented 
below support both assumptions. 


’ We wish to thank Dr. Ines Mandl, Department of Biochemistry, for this prepara- 
tion. 
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With these considerations, Fig. 1 can be interpreted as indicating that 
the a-amino group of the substrate must be in the uncharged state for 
hydrolytic cleavage to take place. In addition, the pH at which enzymatic 
activity is half maximal should correspond to the pK of the a-amino group, 
Accordingly, the pK of the a-amino group of di-L-ornithine and tri-t-or- 
nithine should be about 7.90 and 7.75, respectively. Dissociation con- 
stants of these peptides have not been reported, but Ellenbogen (8) has 
reported values of 7.53 and 7.34 for the a-amino groups of di- and tri-t-ly- 
sine. If the structural similarities between lysine and ornithine are con- 
sidered, the calculated values appear to be reasonable. 

It was reported in a preliminary communication (2) that the optimal 
pH of this system is about 7.1. These studies were carried out in phos- 


TaBLeE I 
Specificity of Ornithine Peptidase Activity 
All substrates were run in 0.05 m Tris buffer at pH 8.4 in the presence of 0.001 x 


Mn** and cell-free extract (1.1 mg. of N per ml.). Samples were drawn after 60 
minutes and assayed for ornithine. 


Hydrolyzed® / Not hydrolyzed* 
H.p-Orn-t-Orn.OH 
H.p-Ala-L-Orn.OH 
H.u-Ala-Lt-Orn.OH H.u-Orn-p-Ala.OH (slight) 
H.u-Orn-t-Ala.OH H.u-Gly-Orn.OH 
H.u-Orn-Gly.OH 


* For an explanation of the abbreviations, see Erlanger and Brand (9). Orn = 
ornithyl residue; Ala = alany] residue. 


phate buffer, which was later found to be inhibitory. The figure 7.1 is 
incorrect and is the result of inhibition by phosphate at the higher pH 
values, as noted below. 

Specificity—The hydrolytic specificity of the cell-free extract is described 
in Table I. The resistant peptides contained, with one exception, D-amino 
acid residues, though not necessarily p-ornithine. The inability of the 
system to hydrolyze glycyl-L-ornithine indicates the existence of amino- 
peptidases specific for ornithine. The nature of the resistant and sus- 
ceptible peptides listed in Table I does not contradict this hypothesis. 
The first two resistant peptides contain p-amino acid residues at the amino 
end. As for the only slight hydrolysis of H.t-Orn-p-Ala.OH, this corre- 
sponded with what others have experienced with aminopeptidases (¢. 
Smith and Spackman (10)); 7.e., the presence of the p-alanine residue could 
be responsible for sterically hindering formation of the enzyme-substrate 
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complex. The hydrolysis of H.t-Ala-t-Orn.OH need not be ascribed to 
an enzyme specific for ornithine. 

Effect of Cattons—Preliminary observations indicated that the concen- 
tration of cations was an important factor in determining the extent of 
activation or inhibition. Therefore, rather than choose an arbitrary con- 


Mntt 
H[Orn)3-OH(3L 

1300 - -H[OrnJo-OH(2L) 
900+ 

500+ 

| 


H Orn-Gly-OH 
(L) 


300 -Orn-OH(2L) 


200 


100 


200 -H-Orn-Ala-OH(2L) 


100 
-5 -4 -3 -2 
Fic. 2. Effect of Mn** on activity of cell-free extract against five substrates. 
Abscissa, log of molar concentration of cation; ordinate, rate of hydrolysis relative 
to rate in absence of added cation. Buffer, 0.05 m Tris, pH 8.4. For the experimen- 
tal details, see the text. 


centration at which to study these effects, the various enzyme-substrate 
combinations were examined in the presence of cations at concentrations 
from 10-! to 10-5 Mm, since the activity-concentration curves thus obtained 
would also serve to indicate by their shapes whether certain substrates 
were hydrolyzed by the same enzyme. 

The experiments were carried out in the following way: Duplicate tubes 
were set up to contain 0.1 ml. of cell-free extract (1.1 mg. of N per ml.), 
0.1 ml. of the proper concentration of cation, and 0.1 ml. of substrate 
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(0.05 m), all in 0.05 m tris(hydroxymethyl)aminomethane (Tris) buffer, pH 
8.4. Samples (0.1 ml.) drawn at zero time and after 60 minutes incubation 
at 37° were assayed for free ornithine. This procedure was used for all 
the studies concerned with the effects of cations and anions. In every 
case, total hydrolysis did not exceed 20 per cent at the time samples were 
taken. 

Fig. 2 shows the effect of Mn**. For all substrates, the maximal activa- 


200 -H[Orn]3-OH(3L) _H-[Orn]2:OH(2L) 

-5 -4 -3 -2 -§ -4 -3 -2 


200 -H-Ala-Orn-OH(2L) 


100+ \ 
H-Orn-Gly-OH(L ) 


O i i j i i 


-5 -4 -3 -2 -5 -4 -3 -2 


200 - H-Orn-Ala-OH (2L) 


Fic. 3. Effect of Co** on activity of cell-free extract against five substrates. For 
the details, see Fig. 2. 


tion occurred at about 10-* m. The effect was most marked for the sub- 
strates di- and tri-L-ornithine. In addition, the shapes of the curves for 
these substrates were similar. The curves for the hydrolysis of the other 
three peptides resembled one another and differed from the di- and tn- 
L-ornithine curves with respect to the effect of high concentrations of Mn**. 
It can be concluded from these data that a multienzyme system was re- 
sponsible for the hydrolysis of the ornithine peptides. 

The effect of Cot+ (Fig. 3) demonstrated further the multiplicity of 
ornithine peptidases in the cell-free extract. The rate of hydrolysis of 
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H.t-Orn-t-Ala.OH was not at all enhanced by the presence of Co*+. The 
curves for di- and tri-L-ornithine again resembled each other, lending more 
support to the hypothesis that these peptides were hydrolyzed by the 
sameenzyme. Though the curves for the hydrolysis of H.-L-Ala-L-Orn.OH 
and H.t-Orn-Gly.OH were similar in shape, the rate of hydrolysis of the 
former was enhanced only slightly by Co**, while the effect on the latter 
was almost as great as the enhancement due to Mn*+. This fact, added 


Pptt 
200 -H[Orn]}3-0H (3L) 
100 F 
4-5-8 
200 -H-Ala-Orn-OH(2k) -H Orn-Gly-OH(L) 
i l 
-5 -4 -3 -2 


200 r H-Orn-Aia-OH(2L) 


Cc 1 


-5 -4 -3 -2 
Fic. 4. Effect of Pb** on activity of cell-free extract against five substrates. For 
the details, see Fig. 2. 


to the improbability of an enzyme behaving as an aminopeptidase for one 
substrate and a carboxypeptidase for another, leads to the conclusion that 
the extract consists of at least four ornithine peptidases. 

The effect of Pb+*+ was most interesting in that (Fig. 4) it activated the 
hydrolysis of di- and tri-L-ornithine while inhibiting the other systems. 
Whether this phenomenon was actually activation of the enzyme or in- 


activation of an inhibitor remains to be established, by use of a more highly 


purified system. However, the observation adds to the evidence that 
a single enzyme is responsible for the hydrolysis of di- and tri-L-ornithine. 
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Effect of Anions—The effects of some anions on the hydrolysis of sus- 
ceptible substrates are shown in Table II. The data illustrate the danger 
of using phosphate buffer for enzyme experiments, especially with metal- 
activated enzymes. Secondly, they serve to emphasize the fact that 
iodoacetate and p-chloromercuribenzoate cause inhibition by different 
mechanisms. 

The hydrolysis of H.t-Orn-t-Ala.OH was unaffected by p-chloromer. 
curibenzoate, a characteristic which distinguishes its peptidase from the 


( 
others. 
TaBLeE II 
Effect of Various Anions ‘ 
Relative rates of hydrolysis* 
Anions ti n 
— I 
p-CMBt 5 X 10-3 0 10 2 100 62 ( 
PO; 1 X 10°? 20 25 20 20 20 I 
P,O7* 1 X 10°? 0 0 0 0 0 
IoAc 1 X 10°? 95 90 100 80 50 
* 100 = the rate of hydrolysis in the absence of added Mn** in 0.05 m Tris buffer, 
pH 8.4. 


t Abbreviations, p-CMB = p-chloromercuribenzoate; IoAc = iodoacetate. 


DISCUSSION 


The purpose of this study was to determine whether B. brevis contains 
enzymes capable of hydrolyzing ornithine peptides. Such enzymes were 
found and, for the most part, seem to be metal-activated peptidases. 
Any speculation as to their possible function in vivo must be postponed 
until some of them are obtained in a highly purified state. The possibility 
remains that their specificities for oligopeptides may be directed toward 


amino acid residues other than ornithine, except, of course, in the case of ; 
di- and tri-L-ornithine; but in this latter instance the system might possess 1 
very broad specificity similar to the aminopeptidase of Smith and Spack- 

man (10). 


Vogel and Bonner have recently isolated and characterized an acetyl- 
ornithinase from Escherichia coli (11). This enzyme likewise is metal- 
activated (by cobaltous ion only) and inhibited by p-chloromercuriben- 
zoate. In preliminary experiments, cell-free extracts of E. colt B were 
found to contain Mnt++-activated peptidases capable of attacking all the 
substrates dealt with in this study. It is likely that ornithine peptidases 
will be found to be liberally distributed in nature, especially in micro- 
organisms. 
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SUMMARY 


A peptidase system isolated from Bacillus brevis has been shown to be 
capable of hydrolyzing several ornithine peptides. The specificity of the 
component enzymes was studied, as well as their activity in the presence 
of certain anions and cations, the latter being present in varying concen- 
trations. They behaved as aminopeptidases, were activated by Mnt+ 
and to a lesser extent by Cot*, and were specific for ornithine peptides of 
the L configuration. They were inhibited by phosphate and pyrophosphate 
and in varying degrees by iodoacetate and p-chloromercuribenzoic acid. 
Evidence was presented to indicate that a single enzyme was responsible 
for the hydrolysis of di- and tri-L-ornithine. The activity of this enzyme, 
in the system under study, was enhanced by 10-* m Pbt* and inhibited 
by Zn**. It was not inhibited by diisopropylfluorophosphate, ovomucoid, 
or soy bean trypsin inhibitor, and could not be shown to catalyze trans- 
peptidation reactions. | 

Preliminary observations indicated the presence of similar enzymes in 
Escherichia colt B. 
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THE ACTION OF THYROXINE ON OXIDATION OF 
SUCCINATE AND MALATE* 


By EDITH CLARKE WOLFF{ anv ERIC G. BALL 


(From the Department of Biological Chemistry, Harvard Medical School, 
Boston, Massachusetts) 


(Received for publication, July 30, 1956) 


The addition of thyroxine to fresh heart homogenates produces a marked 
increase in the total amount of oxygen consumed when succinate is used as 
the substrate. This observation was first made by Gemmill (14, 15) and 
has been confirmed by others (4, 5, 9, 21, 36). It will be shown here 
that this apparent stimulatory action of thyroxine upon the succinate 
oxidase system is an indirect one. In homogenates of fresh heart, fuma- 
rate, the oxidation product of succinate, is converted to oxalacetate. As 
this compound accumulates, it inhibits further succinate oxidation. Thy- 
roxine prevents the accumulation of oxalacetate and so facilitates succinate 
oxidation. 


EXPERIMENTAL 


Preparation of Homogenates and Mitochondria—Homogenates were pre- 
pared in 0.1 mM phosphate buffer, pH 7.8, containing 0.01 m EDTA;}' the 
inclusion of EDTA represents a modification of Gemmill’s method of 
preparation (14) in accord with the recommendations of Slater and Cleland 
(6, 30). Immediately after the animal was stunned, the rat hearts were 
removed, and weighed pieces of the washed ventricular muscle (approxi- 
mately 300 mg. per 5 ml. of buffer) were homogenized in the cold. The 
supernatant fluid obtained after low speed centrifugation to remove cellular 
debris and red blood cells (8 minutes at 1800 r.p.m., International centri- 
fuge model 2) was used preferably within 1 hour of preparation, as the 
“homogenate.”’ 

Mitochondrial preparations were derived from the “homogenate” su- 


* This work was supported in part by funds received from the Eugene Higgins 
Trust through Harvard University and from the Life Insurance Medical Research 
Fund. There is a preliminary report of this work (5) and it also appears in more 
detail in the thesis submitted by Edith Clarke Wolff to Radcliffe College, April, 
1956, in partial fulfilment of the requirements for the degree of Doctor of Philosophy. 

t Predoctoral Fellow of the National Science Foundation, 1952-55. Present ad- 
dress, National Institutes of Health, Bethesda, Maryland. 

1The following abbreviations are used in this paper: EDTA, ethylenediamine- 
tetraacetic acid (Versene); DPN, diphosphopyridine nucleotide; DPNH, reduced di- 
phosphopyridine nucleotide; TCA, trichloroacetic acid. 
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pernatant fluid by further centrifugation at 25,000 x g (International 
refrigerated centrifuge, angle head No. 296) for 10 to 20 minutes. The 
sedimented pellet thus obtained was washed one to three times in the 
phosphate-EDTA buffer, or in phosphate buffer, pH 7.8, alone, and was 
finally suspended at two-thirds the original volume in 0.1 m phosphate 
buffer, pH 7.8, or in 0.12 m KCI-0.02 m phosphate buffer, pH 7.8 (cf. Cle- 
land and Slater (6)). Minor variations such as these, in the composition 
of the suspension medium, had no qualitative effect and made little, if 
any, quantitative difference in the magnitude of the increase in O2 uptake 
observed with thyroxine. 

Determinations—Oxygen consumption was determined by conventional 
manometric techniques, with Warburg vessels of 15 ml. total capacity. 
The experimental conditions are given in connection with Figs. 1 to 4 and 
Tables I to VI. 

“Total a-keto acid’? was measured colorimetrically by the formation of 
the 2,4-dinitrophenylhydrazones, according to the method of Friedemann 
and Haugen (10). The determinations were performed directly on aliquots 
of the reaction mixtures after deproteinization with cold 10 per cent TCA. 
Pyruvate was used as the standard a-keto acid, and 25 minutes were allowed 
for the reaction with the hydrazine reagent to insure complete reaction of 
oxalacetate. 

Paper chromatographic separation of the amino acids present in depro- 
teinized reaction mixtures was performed in an 80 per cent phenol-20 per 
cent water solvent system by a descending chromatographic technique (20). 
Warm (60-—70°) 95 per cent ethanol was used as the deproteinization agent 
in this case. Standard solutions, containing approximately 0.1 umole of 
Na glutamate or aspartate, were chromatographed concomitantly with 
each run for identification of the spots observed. Color was developed by 
spraying with a 0.2 per cent ninhydrin solution in H,O-saturated butanol. 

Fumarase activity was followed spectrophotometrically by the method 
of Racker (27). 


Results 


As shown in Fig. 1, when succinate is added to fresh rat heart homoge- 
nates, there is initially a rapid rate of oxygen uptake. A progressive de- 
cline in rate ensues, however, so that at the end of 30 minutes oxygen 
consumption is occurring at only about 40 per cent of the initial value; by 
60 and 90 minutes the rates have fallen to even lower values. If pi-thy- 
roxine is present in a final concentration of 4.5 X 10-5 m, then oxygen con- 
sumption proceeds in a nearly linear fashion over the same time intervals, 
and a 200 to 300 per cent increase in the total oxygen consumption, com- 
pared to the control values, is recorded by the end of the 90 minute period. 
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The increase in O2 uptake by the end of 90 minutes is approximately pro- 
portional to the thyroxine concentration over a range from 1.5 to 4.5 X 
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Fic. 1. Effeet of thyroxine on succinate oxidation by rat heart homogenates. 
Manometrie determination of O, uptake in a series of twenty-eight experiments; 
mean values, plus and minus standard error, expressed per mg. of wet weight of 
tissue present in the homogenate. Each Warburg vessel contained, in a total volume 
of 3.0 ml., 0.067 m phosphate buffer, pH 7.8, 2 X 10-5 m cytochrome c, 0.3 ml. of DL- 
thyroxine, 4.3 to 4.5 X 10-4 m in 0.001 nN NaOH (Hoffmann-La Roche synthetic pL- 
thyroxine), or 0.3 ml. of 0.001 n NaOH (controls), 0.2 ml. of rat heart homogenate in 
0.1 m phosphate buffer, pH 7.8, containing 0.01 m EDTA (twelve experiments), 0.033 
mM Na succinate (100 zmoles) dumped from the side arm. Gas phase, air; temperature, 
37.4° or 37.8°. The homogenates were used within 1 hour of preparation (see under 
“Experimental’’), and each vessel contained 11.5 + 0.72 (s.d.) equivalent mg. of 
wet weight of tissue. 


10-° m (Table I). At concentrations above 4.5 X 10-5 Mo there is little or 
no further increase in total O2 uptake, while at 4.5 K 10-° m or below the 
effect becomes vanishingly small. It was found that homogenates from 
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thyroidectomized animals do not differ from those of the normal animals 
in their response to various concentrations of thyroxine. Similar increases 
in Oz uptake with thyroxine were observed with fresh homogenates made 
from the hearts or kidneys of cats and rabbits. Liver homogenates, on 
the other hand, show little, if any, increase in succinate oxidation upon 
addition of thyroxine. Preparations of mitochondria from both heart and 
kidney were also found to respond to thyroxine in a similar manner to the 
homogenates from these tissues. 

A comparison of the activities of the optical isomers of thyroxine and 
triiodo-L-thyronine on succinate oxidation is presented in Table II. The 
naturally occurring L-thyroxine was the most active compound, though 


TaBLeE I 
Effect of Varying Thyroxine Concentration 


The rates of O2 uptake are expressed as microliters per hour per mg. The experi- 
mental conditions are the same as those given for Fig. 1 and the results are expressed 
in terms of mg. of wet weight of tissue with each flask containing 12.8 mg. of tissue. 


2 Rate of O2 uptake® at 
ere Total Os uptake at 90 min. 
10 min 30 min 60 min 90 min 

0 22.6 12.9 7.0 3.7 15.6 

1.5 X 10-5 21.0 14.1 9.6 5.2 19.5 25 
3.0 X 10-5 21.1 20.5 11.7 9.4 23.8 52 
4.5 X 10-5 19.5 22.0 16.9 11.9 27.5 75 
7.5 X 10-5 17.8 22.8 17.8 11.7 27 .6 76 


* Calculated from the observed microliters of O2 for the 10 minute interval im- 
mediately preceding the time given. 


the p form shows about 70 per cent of the activity of the natural form. 
Triiodo-L-thyronine is nearly as active asL-thyroxine. Its effect is greatest 
at the earlier time intervals, as was noted also by Wiswell et al. (36). 
Diiodo-L-tyrosine in concentrations up to 1.7 X 10-* m had no significant 
enhancing effect upon succinate oxidation. 

The effect of thyroxine on the oxidation of succinate is not observed 
when a purified succinate oxidase preparation or aged homogenates are 
employed. It should be noted that with such enzyme preparations succi- 
nate oxidation proceeds in a nearly linear fashion and does not show the 
rapid decline in rate observed with fresh homogenates. In fact, the addi- 
tion of thyroxine to a succinate oxidase preparation as prepared by the 
method of Ball and Cooper (3) was observed to cause a slight decrease in 
the rate of succinate oxidation. These observations strongly suggest that 
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the action of thyroxine upon succinate oxidation in fresh homogenates is 
not a direct stimulatory one upon the succinate oxidase system per se. A 
search was therefore instituted for an indirect effect of thyroxine and 
attention was focused on the further metabolism of the substrate itself. 
In fresh homogenates the following sequence of reactions is known to occur: 
succinate — fumarate — malate DPN. oxalacetate. The last com- 
pound in this sequence, oxalacetate, has been shown to be a potent inhibitor 
of succinate dehydrogenase (8, 26). If oxalacetate gradually accumulates 
during the oxidation of succinate, then an explanation for the progressive 
decline in rate of succinate oxidation in fresh homogenates might be pro- 
vided (26, 31). 


TaBLeE II 
Relative Effects of p- and u-Thyrozine and of Triiodo-.-thyronine 


The experimental conditions are the same as those given in Fig. 1. The final con- 
centrations of all compounds fell within the range 2.9 to 5.0 X 10-'m. For compara- 
tive purposes all activities are referred to L-thyroxine as a standard and are expressed 
in percentage of the response obtained with this compound. All the results are given 
as the average of the number of trials shown. The p-thyroxine (synthetic, Na salt), 
L-thyroxine (free amino acid), and triiodo-L-thyronine were the generous gifts of Dr. 
R. Pitt-Rivers. 


Per cent increase relative to t-thyroxine at 
Compound No. of trials 
30 min. 60 min. 90 min. 
4 100 100 100 
2 72 72 64 
pL-Thyroxine.................. 3 85 86 80 
Triiodo-L-thyronine............ 6 92 88 80 


In order to see how much oxalacetate was necessary to produce a signifi- 
cant inhibition of succinate oxidation, small amounts of this compound were 
added to the homogenates prior to the oxidation of succinate (Table III). 
The addition of 0.1 umole of oxalacetate per vessel caused an inhibition of 
at least 63 per cent in the total O2 uptake during the first 10 minute interval. 
Thyroxine does not counteract this inhibition of added oxalacetate. 

These results, which are consistent with other values in the literature for 
the degree of inhibition of succinate oxidation by oxalacetate (8, 19, 26, 
31, 32), indicate that only a relatively small fraction of the 100 umoles of 
succinate originally present per vessel as substrate need be converted to 
oxalacetate to produce a marked inhibitory effect. In addition, the pri- 
mary effect of thyroxine seems to be neither the removal of oxalacetate 
nor the prevention of the inhibition caused by oxalacetate, once it is present. 
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Several indications that oxalacetate formation might be involved in 
these experiments were found. Incubation of the homogenate with small 
amounts of fumarate or malate, before the addition of succinate as sub- 
strate, produces an inhibition of succinate oxidation greater than that 
observed in the controls (Table 1V). When thyroxine is also present, the 
inhibitory action of these metabolites is counteracted to a large extent. 
The effect is most pronounced with malate. The addition of DPN to 
homogenates or mitochondria during succinate oxidation also decreases the 
total oxygen consumption, as would be expected if the formation of oxal- 
acetate is involved (cf. Keilin and Hartree (19)). When DPN is added to 
aged homogenates, the rate of O2 uptake falls rapidly just as it does in the 


TaB_e III 
Effect of Oxalacetate Addition on Succinate Oxidation 


The experimental conditions are the same as those given in Fig.1. Na oxalacetate 
was added to the main chamber of the flask just prior to the temperature equilibra- 
tion period, 10 minutes before dumping of the succinate. p1.-Thyroxine, where indi- 
cated, 4.5 X 10-' mM. Fresh homogenate equal to 11.3 mg. of wet heart tissue per 
flask. 


O: uptake, wl. per mg., at 
Oxalacetate added per flask 10 min. 90 min. 
Control Thyroxine Control Thyroxine 

umole 

0 4.4 4.2 18.8 34.0 
0.01 3.9 18.8 

0.10 1.6 1.1 11.2 13.8 
0.20 0.8 6.9 


fresh preparations, thus suggesting that the loss of DPN and the consequent 
suppression of oxalacetate formation are responsible for the linear rate of 
succinate oxidation observed after aging. 

In order to provide more direct evidence for the formation of oxalacetate 
under the conditions of the experiment, a measurement of total a-keto acid 
accumulation during succinate oxidation was undertaken. In Fig. 2 are 
shown the results of an experiment in which O2 consumption and a-keto 
acid formation were followed concurrently, both in the presence and ab- 
sence of thyroxine. One set of vessels was employed for the data on oxy- 
gen consumption and another set to provide samples for the keto acid 
determinations. The results show that there is a progressive increase in 
a-keto acid concentration with time which parallels the decreased rate of 
O2 consumption in the control vessel and that in the presence of thyroxine 


E. C. WOLFF AND E. G. BALL 1089 


there is much less keto acid formation. A fall in the rate of oxygen con- 
sumption begins to occur in the control vessel when the total a-keto acid 
concentration reaches 0.1 umole, and the inhibition of O2 uptake has become 
pronounced when the amount of keto acid reaches 0.25 to 0.40 umole per 
vessel. A comparison of these results with those shown in Table III, 
when oxalacetate was added initially to the vessels, indicates that, if the 
keto acid which accumulates is largely oxalacetate, then it is present in 
sufficient amount to cause marked inhibition of further succinate oxidation. 


TaBLe IV 
Effect of Fumarate or Malate Addition on Succinate Oxidation 


The experimental conditions are the same as those given in Fig. 1. In each case 
the indicated amount of fumarate or malate was added to the main chamber of the 
vessel just before the temperature equilibration period and thus was present with 
the homogenate for 10 to 12 minutes prior to dumping of the substrate, 100 umoles of 
succinate. pL-Thyroxine concentration, when present, 4.5 X 10-5 m. In each case 
the results are the composite from two experiments. Homogenate equal to 11.5 to 
12.2 mg. of fresh heart tissue used per flask. 


Os uptake, wl. per mg., at 
pn ety 10 min. 90 min. 
Control Thyroxine Control Thyroxine 

Fumarate 0 4.2 3.8 17.5 25.1 
3 3.7 3.4 16.0 24.0 

5 3.4 3.2 14.0 22.4 

10 3.3 2.9 12.6 21.0 

50 2.1 2.1 7.1 16.0 

Malate 0 4.4 3.8 14.2 20.4 
0.5 3.7 3.7 12.4 18.6 

2.5 1.6 2.6 8.0 16.0 

5.0 1.3 2.4 5.7 13.2 


The results presented in Table V show that a-keto acid production does 
not occur in the absence of either succinate or enzyme. There is also an 
inverse correlation between keto acid production and oxygen consumption 
as the thyroxine concentration is varied. It is possible from the data pre- 
sented in Fig. 2 and Table V to calculate that between 4 and 10 per cent of 
the oxygen consumption in the absence of thyroxine can be accounted for 
by the appearance of a-keto acids. In the presence of 4.5 X 10-5 m thy- 
roxine this value drops to 1 per cent or less. Experiments such as these 
strongly suggested, therefore, not only that oxalacetate may be formed 
during the experiment in quantities sufficient to inhibit markedly succinate 
oxidation, but also that thyroxine acts to prevent oxalacetate formation. 
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For the identification of oxalacetate itself as a component of the reac. 
tion mixtures after succinate oxidation, we made use of the fact that heart 
homogenates are rich in the transaminase which catalyzes the reaction 
oxalacetate + glutamate — aspartate + a-ketoglutarate. Upon the 
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Fic. 2. The accumulation of a-keto acid during the course of succinate oxidation 
by a rat heart homogenate. The curves indicate microliters of O2 uptake, the bars 
show micromoles of keto acid per flask. C = control, T = thyroxine present at 4.4 X 
10-* m. The experimental conditions are as in Fig. 1. Homogenate equivalent to 
11.8 mg. of fresh heart tissue was added to each flask. 


termination of experiments of the type described in Table V, glutamate was 
added to the vessels, and after a suitable interval the contents of the vessels 
were subjected to chromatographic separation on paper. The presence of 
aspartate in the contents of the control vessels is readily demonstrable by 
this procedure. No aspartate is found if glutamate has not been added; 
nor is it found in zero time controls. Evidence is thus provided that oxal- 
acetate is formed in the experiment. In those vessels in which thyroxine 
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is present during succinate oxidation, little or no aspartate is formed upon 
the addition of glutamate. That this is not due to an action of thyroxine 
upon transaminase activity itself was established by separate experiments. 

The presence of transaminase in heart homogenates also furnished an 
additional means for studying the role of oxalacetate formation during the 
course of the succinate oxidation. As shown in Fig. 3, the presence of 
glutamate markedly augments the O, uptake and indeed parallels the in- 
crease obtained with thyroxine. The oxidation of this amount of gluta- 
mate (30 umoles) by the relatively small amount of homogenate needed 


TABLE V 
Effect of Thyroxine on a-Keto Acid Production 
The experimental conditions are the same as those given for the data presented 
in Fig. 1 and Fig. 2 except as noted. The results are the average of the number of 
experiments shown. 


Conditions pi-Thyroxine O: consumed 
M umole per flask | pmoles per flask 


I. Heart homogenate at 
37.8°, 90 min., 12.1- 
12.4 mg. tissue per 
flask 


All components 4 0 0.40 5.3 
4 4.5 X 10-5 0.12 16.7 
No enzyme 2 0 0.02 0 
2 4.5 X 10-5 0.02 0 
No succinate 2 0 0.05 0 
2 4.5 X 10-° 0.03 0 
Il. Heart homogenate at 1 0 0.78 4.6 
30.1°, 160 min., 16.8 4.4 X 10°* 0.71 4.7 
mg. tissue per flask 1.5 X 10-5 0.54 6.0 
4.4 xX 10°5 0.38 15.8 


for succinate oxidation does not contribute significantly to the total oxy- 
gen uptake. Glutamate and thyroxine do not act in an identical manner, 
however, since glutamate will produce a sizable increase in the rate of O2 
uptake whether it is added initially or at any time during the reaction, but 
thyroxine exerts its effect only if it is present initially (Fig. 3, Curves 2 and 
5, compared to Curves 3 and 4). These observations further support the 
hypothesis that thyroxine is acting to prevent oxalacetate production in 
contrast to the action of glutamate, which serves to remove it by conversion 
to aspartate. 

An obvious mode of action for thyroxine in preventing the production of 
oxalacetate is the inhibition of one of the steps leading to its formation from 
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either fumarate or malate. Experiments in which fumarase activity was 
followed spectrophotometrically (27) indicated that there was no inhibi- 
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Fia. 3. Comparison of the effects of adding glutamate or thyroxine to rat heart 
homogenates oxidizing succinate. Curve 1, no glutamate or thyroxine present; 
Curve 2, thyroxine added at time indicated by arrow; Curve 3, glutamate added at 
time indicated by arrow; Curve 4, glutamate present from start; Curve 5, thyroxine 
present from start. The basic experimental conditions are the same as those given 
for Fig. 1. Thyroxine was added to give a final concentration of 4.4 X 10-5 m, and 
glutamate to give a final concentration of 0.03 m. Homogenate equal to 11.5 mg. of 
fresh tissue was used per flask. 
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tion by thyroxine at this step. It was possible, however, to demonstrate 
a marked inhibition of malate oxidation by thyroxine (Fig. 4 and Table 
VI). This was done first in homogenates and mitochondria by measuring 
O2 uptake with malate as the substrate in place of succinate and with the 
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addition of glutamate to trap the oxalacetate which formed. Sufficient 
DPN is present to allow the reaction to proceed without its addition. 
pi-Thyroxine at a concentration of 4.5 X 10-5 m (that which gave the 
maximal effect on succinate oxidation) almost completely inhibits malate 
oxidation in the absence of added DPN, and inhibition can be detected with 
concentrations of thyroxine as low as 1.5 XK 10-* m (Fig. 4). The addition 
of DPN increases the rate of the reaction, but also diminishes the inhibi- 
tory effect of thyroxine in a manner proportionate to the DPN concentra- 
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Fic. 4. The inhibition of malate oxidation in rat heart homogenates with varying 
concentrations of pL-thyroxine. Curve 1,no DPN added. The values are the aver- 
age of six experiments. Curve 2, DPN added to produce a concentration of 2.5 X 
10-§ m in addition to that already present in the homogenate. The experimental 
conditions are the same as those given in Table VI. 


tion until, with approximately twice as much DPN added (8.2 K 10-5 m) as 
thyroxine, the effect of thyroxine becomes negligible (Table V1). 

This relationship between DPN and thyroxine concentrations suggests 
a competitive interaction between these two compounds for a site on malate 
dehydrogenase.? In order to see whether thyroxine was exerting its inhibi- 
tory effect on malate oxidation at the level of the dehydrogenase, two types 
of assay of malate dehydrogenase activity were carried out. The first, in 
which methylene blue is utilized as an electron acceptor in a modified Thun- 
berg technique (29) and follows the decolorization of the dye photometri- 
cally (Klett or Coleman junior colorimeters, wave length, 660 my), showed 


? Subsequent studies by Wolff and Wolff have shown that the inhibition of purified 
malate dehydrogenase by thyroxine is apparently competitive with respect to DPN 
(37). 
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an inhibition of dye reduction of 40 to 75 per cent in homogenates in the 
presence of 2.7 to 4.5 X 10-5 m thyroxine and with no added DPN. Sine 
methylene blue is not reduced directly by DPNH, the activity of at least 
one other enzyme besides the dehydrogenase is probably involved in this 
type of assay. A more direct measurement of the dehydrogenase activity, 
by following the increase in the specific absorption of DPNH at 340 my 
and using a soluble, partially purified malate dehydrogenase preparation 
obtained commercially (California Foundation for Biochemical Research), 


TaBLe VI 
Inhibition of Malate Oxidation by Thyrozine 
Each flask contained 0.067 m phosphate buffer, pH 7.8; 2 X 10-5 m cytochrome ¢; 
4.5 X 10-5 Mm pL-thyroxine, where indicated; 30 umoles of Na glutamate, pH 7.8; DPN 
as indicated; 0.3 ml. of rat heart homogenate or mitochondria in phosphate buffer, 
pH 7.8; 100 zmoles of Na malate, dumped at zero time. Final volume, 3.0 gas 
phase, air; temperature, 30.1°. All the values are expressed as the average of the 
number of experiments shown. 


uptake* O: uptake* 
No. of Inhibi- | No- of Inhibi- 
. ments Th tion = Th tion 
DPN Time Control} Control | 
Homogenates Mitochondria 
ad min per cent per ceni 
0 10 8 5.2} 0.6} 86 4 2.7 0.1 97 
30 8 4.2; 0.5 | 87 4 2.0 0.1 94 
1.9 X 10-5 10 3 4.0 1.7 55 
30 3 | 3.2 | 1.6 | 49 
2.7 X 10-5 10 3 9.3; 6.6] 26 2 4.0 2.3 | 42 
30 3 6.1]; 4.2}; 31 2 3.2 1.8 43 
8.2 x 10-5 10 2 14.8 | 12.6; 14 1 4.7 4.5 4 
30 2 10.2} 8.0; 18 1 4.0 3.9 2 


* Expressed as microliters per hour per mg. equivalent of wet weight of tissue in 
the homogenate or from which the mitochondria were derived. 


also showed a marked inhibition by 4.5 K 10-5 m pi-thyroxine. Gluta- 
mate was not added in this latter case, since there is little transaminase 
activity remaining in this enzyme preparation, but the experiments were 
conducted at pH 8.8 to 9.0 in order to minimize the slowing of the reaction 
due to the unfavorable equilibrium position at neutral pH (18, 25). 

It would appear that the inhibition of the conversion of malate to oxal- 
acetate by thyroxine is a sufficient explanation for its action in stimulating 
succinate oxidation. The data definitely indicate that malate dehydro- 
genase is the site of the thyroxine action, although the fact that relatively 
crude enzyme preparations have been used leaves open certain other pos- 
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sibilities as an explanation for the inhibition. One of these, namely that 
thyroxine acts by accelerating the enzymatic or other destruction of DPN, 
which was suggested by Estabrook et al. (9), has been briefly explored. 
The heart homogenates do have ‘‘DPNase’”’ activity, but no increased 
destruction of DPN could be observed in the presence of thyroxine when 
measurements of DPN concentration were followed by formation of its 
specific cyanide complex (7). A second possibility is that thyroxine might 
combine with DPN or DPNH in a manner analogous to cyanide and sodium 
bisulfite and so block the reaction. If such a combination does occur, it is 
not reflected by changes in the absorption spectrum of any of the interact- 
ing components (DPN, DPNH, or thyroxine). The oxidation of DPNH 
by homogenates in air is also not affected by thyroxine in concentrations 
which inhibit malate oxidation almost completely. 

These findings suggested that thyroxine might exert an inhibitory action 
upon a variety of DPN-reducing systems. A few preliminary observations 
were therefore performed by the measurement of oxygen consumption in 
the presence of tissue homogenates on two other DPN-linked reactions. In 
a representative case the oxidation of glutamate was found to be inhibited 
65 per cent and that of a-ketoglutarate 31 per cent in the presence of 
44 m pi-thyroxine. The inhibition of these oxidations by thy- 
roxine was also found to vary inversely with the DPN added. Lardy and 
Feldott (23) have previously reported the inhibition of glutamate oxidation 
by thyroxine. Unpublished experiments performed in Dr. Vallee’s labora- 
tory in collaboration with one of us (E. G. B.) have shown that thyroxine 
is capable of inhibiting the crystalline enzymes, yeast alcohol dehydro- 
genase, liver alcohol dehydrogenase, glutamic acid dehydrogenase, and 
skeletal muscle lactic acid dehydrogenase. Similar unpublished experi- 
ments have been carried out by Dr. J. Wolff of the National Institutes of 
Health, Bethesda, Maryland. 


DISCUSSION 


The observations (4, 9, 14, 15, 21, 28, 36) that thyroxine increases oxygen 
uptake by the succinate oxidase system in vitro seemed to be in accord, in 
a general way, with the long known stimulation by this hormone of the 
general metabolic rate and of the oxygen consumption of many isolated 
tissues which follows the administration of thyroid hormones in the intact 
animal. However, the findings presented here indicate that this apparent 
stimulation of oxygen consumption in the succinate oxidase system is in 
fact not due to an action of thyroxine upon the succinate system per se, 
but to its inhibitory action upon malate oxidation. The significance of 
this specific finding in terms of the mechanism of thyroxine in vivo is not 
clear to us. It is not easy to reconcile the inhibition of a key step in the 
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Krebs cycle with an increased oxygen consumption by the intact cell. We 
are at present inclined to the view that the specific action of thyroxine 
described here is not necessarily pertinent to the increase in oxygen con- 
sumption observed in vivo. We do believe, however, that a better under. 
standing of the mechanism by which malate dehydrogenase is inhibited by 
thyroxine may be pertinent to an understanding of the mode of action of 
thyroxine in vivo. It can be inferred from the data presently at hand that 
the interaction of thyroxine with malate dehydrogenase may be a competi- 
tive one with respect to DPN. Furthermore, this inhibitory action may 
not be restricted to malate oxidation, but, as suggested by the preliminary 
observations presented here and by work in progress, it may be possible to 
extend it to the inhibition of other DPN-dependent dehydrogenases. 

In view of the growing number of dehydrogenases which have been 
shown recently to be associated with small amounts of tightly bound zine 
(33-35), presumably as an active constituent of the enzyme (34), it is 
tempting to speculate that the action of thyroxine might involve combina- 
tion with a zinc site on the enzyme. In at least one case, that of yeast 
alcohol dehydrogenase, it has been suggested that the interaction of 4 
molecules of DPN by each enzyme molecule occurs at the four zinc sites 
presumed to be present in each molecule (34). Agents known to chelate 
with zinc interfere with the DPN interaction and with the action of the 
enzyme. Malate dehydrogenase preparations, although admittedly in an 
unsatisfactory degree of purity, have also been found to contain, among 
other metals, zinc.2 A mechanism for thyroxine action, consistent with 
the present data, therefore might involve competition of thyroxine with 
the coenzyme for zinc sites on malate dehydrogenase. 

Thyroxine is known to interact with a number of divalent metals. Al- 
though no rigorous studies have been published to demonstrate a chelating 
property of thyroxine, complex formation with metals has been suggested 
to explain several of its actions. Thus, the inhibition of the copper-cata- 
lyzed oxidation of ascorbic acid by thyroxine has been attributed to the 
formation of a soluble complex between thyroxine and copper with the 
limiting ratio of thyroxine to Cu, 3:1 (12, 13,17). An insoluble complex of 
the composition thyroxine to Mg, 3:1, has been reported briefly (22), although 
no analytical data are given. Similar complexes are also mentioned for 
thyroxine and Mn, Ca, Fe, Cu, Co, and Zn (22). Spectroscopic observa- 
tions have also furnished evidence for the interaction of thyroxine with 
metal ions. The absorption spectrum of thyroxine in the region 300 to 350 
my, and specifically a peak at 325 muy in alkaline solution indicative of 
the phenolate ion, has been observed to be altered toward the spectrum 


3 Personal communication from Dr. Vallee. 
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characteristic of the acid form upon addition of Cu (16), Co, and Zn, 
although not with Mn, Mg, or Ca (22). 

Along these lines, certain observations in the literature are of interest. 
It is reported (1) that thyroxine inhibits creatine kinase, an Mg-requiring 
enzyme. Its action in this case has been attributed to removal of the Mg 
by thyroxine (22). The stimulatory action of thyroxine on plant ascorbic 
acid oxidase (13) has been attributed to its ability to remove inhibitory 
heavy metals present in the enzyme preparation (11). Finally, the addi- 
tion of excess Mg (or Mn) reverses the uncoupling action of thyroxine on 
oxidative phosphorylation (2, 24). It would appear, however, that the 
uncoupling action itself cannot be attributed to combination of thyroxine 
with a metal (24). 

Although not conclusive, such observations strongly suggest the pos- 
sibility of the interaction of thyroxine with a metal, at least under certain 
conditions in vitro. Whether they may also have more general implica- 
tions, as yet undetermined, for the actions of the thyroid hormone in vivo 
remains to be determined. Further studies along this line seem worth 
while, and certain aspects of the interaction of thyroxine with metallopro- 
teins are under way. 


SUMMARY 


The addition of thyroxine to fresh rat heart homogenates in which suc- 
cinate oxidation is proceeding produces a marked increase in the total oxy- 
gen consumption. It is found that this effect of thyroxine is due to its 
ability to prevent formation of oxalacetate, a potent inhibitor of succinate 
dehydrogenase. Measurement of the total a-keto acid formation during 
succinate oxidation in such homogenates shows that it is markedly de- 
pressed in the presence of thyroxine. The amount of a-keto acid formation 
varies inversely with the increase in oxygen uptake as the thyroxine con- 
centration is altered. Identification of oxalacetate was accomplished by 
converting it to aspartic acid by transamination with glutamate and detec- 
tion by paper chromatography. Indeed, the addition of small amounts of 
glutamate to fresh rat heart homogenates is found to mimic the effect of 
thyroxine in increasing the oxygen consumed during succinate oxidation. 
However, glutamate is unlike thyroxine in that the latter is fully effective 
only when added initially. That thyroxine prevents oxalacetate accumula- 
tion rather than accelerates its removal, as is the case with glutamate, is 
further shown by the fact that pi-thyroxine in concentrations as low as 
1.5 X 10-* m produces an inhibition of malate oxidation in homogenates. 
No effect of thyroxine on the conversion of fumarate to malate could be 
detected. Evidence is presented that the inhibitory action of thyroxine is 
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a competitive one with DPN for malate dehydrogenase. Preliminary 
results indicate that other DPN-linked dehydrogenases are also inhibited 
by thyroxine. The possibility that this action of thyroxine is due to its 
interaction with the zinc component of such dehydrogenases is discussed 
in the light of known interactions of thyroxine with metals. 


FESS 
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STUDIES ON THE PASTEUR EFFECT 
I. GENERAL OBSERVATIONS* 
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of Wisconsin, Madison, Wisconsin) 
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Since the original description by Pasteur of the inhibition of fermenta- 
tion by oxygen (2), considerable experimental work has been accomplished 
in an attempt to elucidate further the Pasteur effect. A number of attrac- 
tive hypotheses have been advanced (3-7), but none have been supported 
by sufficient experimental evidence to gain general acceptance. During 
the past 15 years, though many new biochemical methods pertinent to the 
study of the Pasteur effect have become available, relatively little new work 
has appeared on the mechanism of the aerobic inhibition of glycolysis. 
It therefore appeared worth while to reinvestigate the Pasteur effect at 
this time. 

In the present studies, a Pasteur effect was readily obtained in a par- 
ticulate system! by the addition of varying amounts of an oxidative system 
(liver mitochondria) to a glycolytic system (the high speed supernatant 
fraction of rat brain or tumor). In this paper and Paper II, analyti- 
cal studies for lactate, glucose, fructose phosphates, inorganic phosphate, 
and pyridine and adenine nucleotides will be reported. Experiments have 
also been performed on the effect of the addition of various intermediates 
and oxidative inhibitors on the inhibited glycolytic system, and radioactive 
glucose, acetate, and pyruvate have been used to study certain aspects of 
the problem. An attempt has been made to study a number of the more 
important mechanisms that have been suggested for the Pasteur effect 
rather than to concentrate on any single mechanism. In view of the evi- 
dence to be presented, we favor a mechanism of the Pasteur effect based 


*This work was supported by a grant (No. C-646) from the National Cancer 
Institute, National Institutes of Health, Public Health Service, and in part by an 
institutional research grant (No. 71) from the American Cancer Society. A portion 
of this work was presented at the meeting of the American Association for Cancer 
Research, Atlantic City, April 13, 1956 (1). 

t Fellow in Cancer Research of the American Cancer Society. Present address, 
Massachusetts General Hospital, Boston, Massachusetts. 

t Fellow of the Rockfeller Foundation. 

‘A preliminary report of a Pasteur effect in a similar system has also appeared 
from another laboratory (8). 
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on the inhibition by oxygen of one of the early reactions of glycolysis, 
probably the phosphohexokinase reaction, mediated through the cyto | 
chrome chain of the mitochondria. | 


EXPERIMENTAL 


General Conditions—All the experiments, except for a small number of 
spectrophotometric studies, were performed in single side arm Warburg 
vessels in a conventional Warburg apparatus. The standard manometric 
reaction medium contained the following additions in a 3.0 ml. volume, 
with final concentrations in parentheses: 20 umoles of glucose (0.007 wm), 
2 wumoles of ATP? (0.0007 m), 0.3 umole of DPN (0.0001 m), 120 umoles 
of nicotinamide (0.04 m), 75 uwmoles of KHCO; (0.025 m), and 12 umoles 
of MgCl. (0.004 m). This medium is similar to the glycolytic medium 
used by LePage (9). Final osmolarity was adjusted to 250 milliosmolar 
concentration with solid sucrose, except in the experiments in which glu- 
cose and fructose phosphates were determined when KCl was used. The 
medium and flasks were gassed with a 95 per cent O:2, 5 per cent CO, gas 
mixture, resulting in a final pH of 7.4. Reactions were run for 30 minutes 
at 38° and were terminated by tipping 0.15 ml. of 100 per cent trichloro- 
acetic acid or 0.30 ml. of 6 N perchloric acid from the side arm into the 
main compartment of the Warburg vessel. The center well of the flask 
was empty. 

Spectrophotometric Studies—Spectrophotometric studies on mitochon- 
drial oxidation of DPNH were performed directly in a 3.0 ml. quartz 
cuvette in a model DU Beckman spectrophotometer at room temperature. 
The medium was the same as that used in the manometric experiments, 
except for the omission of glucose and DPN. Reactions were followed at 
340 my after addition of 0.62 umole of DPNH and 7.5 mg. of liver mito- 
chondria per cell. 

Preparation of Tissues—Male rats, 175 to 200 gm., obtained from the 
Holtzman Rat Company, Madison, Wisconsin, were killed by decapitation 
and bled, and the required tissues were removed and placed in cold isotonic 
sucrose. ‘Tissues were maintained at 0° during all manipulations. 

The glycolytic system was the high speed supernatant fraction from 
brain or tumor tissue (10). A 30 per cent homogenate was prepared from 
the respective tissue in a glass Potter-Elvehjem homogenizer and centr- 
fuged at 100,000 X g for 40 minutes in a Spinco preparative ultracentr- 
fuge. Fraction S; equivalent to 200 mg. of tissue was added to each flask, 
except when otherwise noted. 


? The following abbreviations are used in this paper: AMP, ADP, ATP = adeno- 
sine mono-, di-, and triphosphates; DPN and DPNH = oxidized and reduced diphos- 
phopyridine nucleotide; 8; = high speed supernatant fraction; c.p.m. = counts per 
minute as measured in internal gas flow proportional counters. ; 
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Mitochondria were prepared in a model PR-1 International refrigerated 
centrifuge by fractionation of a 10 per cent homogenate in 0.25 m sucrose 
by the method of Schneider and Hogeboom (11). The fluffy layer was 
discarded. For experiments in which hexose was determined, the mito- 
chondria were washed three times in isotonic KC] after the initial sucrose 
centrifugation, in order to free them of sucrose. 

Analytical Procedures—Lactic acid was determined chemically on the 
deproteinized reaction mixture by the method of Barker and Summerson 
(12) as modified by LePage (13). When necessary, the lactic acid deter- 
mination was corrected for pyruvate by a standard curve. Pyruvic acid 
was determined colorimetrically with 2,4-dinitrophenylhydrazine (14). 
The method of Lowry and Lopez was used to determine the true inorganic 
phosphate (15). 

The method of Folin and Malmros (16) was used for the estimation of 
glucose in the effluent obtained by passing the neutralized perchloric acid 
filtrate through Dowex 1 chloride (X10). The glucose determination was 
corrected for any sucrose remaining in the mitochondria by a reducing 
sugar determination performed directly on an aliquot of mitochondria. 

Reduced and oxidized pyridine nucleotides were estimated on separate 
reaction mixtures by the method of Holzer for determination of pyridine 
nucleotides in yeast culture (17). The respective flasks were removed 
from the bath and immediately poured into hot alkali (for DPNH) or cold 
trichloroacetic acid (for DPN). 

Materialsm—ATP and ADP were products of the Pabst Brewing Com- 
pany, and are reported to be free of non-adenine nucleotides. DPN and 
DPNH (Sigma Chemical Company) of greater than 90 per cent purity 
were used throughout. Antimycin A was a gift of Dr. F. Strong, and 
crystalline cytochrome c was obtained from E. R. Squibb and Sons. Com- 
mercially obtained glucose-2-C' was used. Other materials were commer- 
cial products of reagent grade. 

All the results reported represent the averages of duplicate flasks. 


Results 


Mitochondrial Inhibition of Glucose Disappearance and Lactate Accumula- 
tion—The effect of the addition of liver mitochondria on the glycolysis of 
the S; fraction of rat brain is presented in Figs. 1 and 2. It can be seen 
(Fig. 1) that lactic acid accumulation falls off rapidly in the standard sys- 
tem upon the addition of liver mitochondria. The addition of 0.3 gm. 
equivalent of liver mitochondria completely prevents lactate accumulation, 
and the addition of higher levels of mitochondria results in oxidation by 
the mitochondria of a large part of the 1.9 umoles of lactate natively pres- 
ent in the 250 mg. of brain supernatant fluid. Pyruvate accumulation 
falls off with lactate. 
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Fig. 2 presents data which indicate that the mitochondria inhibit glucose 
disappearance as well as lactate accumulation. The supernatant system 
by itself utilizes over 6.0 umoles of glucose, although in the inhibited sys. 
tem only 1.6 wmoles of glucose disappear. Thus the mitochondrial inhibj- 
tion of glycolysis fulfils both the definition advocated by Dixon (18) of 
the Pasteur effect as inhibition of glucose disappearance and that favored 
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Fig. 1. Mitochondrial inhibition of lactate and pyruvate accumulation. Each 
flask contained 250 mg. equivalents of brain fraction S; and KCl-washed liver mito- 
chondria in gm. equivalents as indicated along the abscissa. The flasks contained 
10 umoles of glucose-2-C'* (63,000 ¢.p.m. per flask), and KCI replaced sucrose to main- 
tain isotonicity. Other than this, flasks contained the standard manometric addi- 
tions and were run under standard conditions. All the values are expressed in micro- 
moles per flask. 

Fic. 2. Mitochondrial inhibition of glucose disappearance and mitochondrial 
oxidation of glucose. The data were obtained from the same experiment as Fig. 1. 
Glucose disappearance was determined chemically, and glucose oxidation was deter- 
mined from the radioactivity remaining after volatilization of the C402. Both are 
expressed in micromoles per flask. 


by Burk (19) of inhibition of split product accumulation. In most of the 
present studies, only lactate accumulation has been measured. 

Data on the amount of glucose converted to CO: by the mitochondria 
are also presented in Fig. 2. At the lower levels of mitochondrial addi- 
tion, this is a small part of the total glucose which disappears, but with 
the addition of 1.2 gm. equivalents of liver mitochondria it accounts for a 
large part. The CO, data were obtained by calculation from the radio- 
activity remaining in the flask after incubation with glucose-2-C"™ and 
volatilization of the C“O.. Presumably the mitochondria oxidize DPNH 
and pyruvate equivalent to the glucose that is converted to COs. 
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General Conditions of Mitochondrial Inhibition—Though the standard 
reaction mixture was set up without the addition of external cytochrome 
c, it is true that at low levels of mitochondrial addition an enhancement 
of inhibition can be observed upon the addition of cytochrome c (Table 
I, Experiment 1). Under these conditions, good inhibition of lactate 
accumulation is obtained at levels of mitochondrial addition as low as 125 
mg. equivalents. Since externally added cytochrome c increases the rate 
of oxidation of added DPNH by mitochondria ((20); cf. Figs. 9 and 10), 
DPNH oxidation by mitochondria is probably implicated in the inhibition 
of glycolysis by mitochondria. Added glutamate or fumarate make the 
mitochondrial inhibition of glycolysis less effective (Table I, Experiment 
2). It should be noted that the standard reaction mixture does not con- 
tain these substrates. 

Mitochondrial inhibition of glycolysis is independent of glucose concen- 
tration over a range of glucose from 10 to 40 umoles per flask (Table I, 
Experiment 3) and is equally effective when fructose replaces glucose as 
the glycolytic substrate (Table I, Experiment 4). Mitochondrial inhibi- 
tion can be obtained when priming levels of hexose diphosphate (2.0 
umoles per ml.) are added, though the higher initial rate of glycolysis is 
less completely inhibited than when glucose alone is present. Many of the 
early experiments of the present study were performed in the presence of 
this priming level of hexose diphosphate. Further consideration to the 
effect of hexose diphosphate addition will be given in Paper IT. 

The data presented in Experiment 5, Table I, indicate that the mito- 
chondrial inhibition is a true Pasteur effect in that it is abolished in nitro- 
gen. The effect is also heat-labile; mitochondria heated for 3 minutes to 
100° are without effect on glycolysis. Tonicity does not appear to be 
crucial (Table I, Experiment 6), since mitochondria in half isotonic medium 
produce as effective inhibition of lactate accumulation as in isotonic me- 
dium. Preincubation of mitochondria in isotonic sucrose for 1 hour at 30° 
produces surprisingly little impairment of the ability of mitochondria to 
inhibit glycolysis. Since such preincubated mitochondria are known to be 
unable to carry on oxidative phosphorylation (21), this may be taken as 
evidence that competition for inorganic phosphate or for phosphate 
acceptor does not play an important part in the mechanism of the mitochon- 
drial inhibition under the experimental conditions used. 

Mitochondrial Inhibition in Presence of Fluoride—Mitochondrial inhibi- 
tion of glycolysis can be demonstrated in the presence of 0.01 m fluoride 
(Fig. 3) if a pool of pyruvate is added to the glycolytic system to accept 
the hydrogen from DPNH (9). Since this concentration of fluoride blocks 
the enolase reaction (9), it is clear that the present Pasteur effect does not 
involve the enolase reaction or the subsequent transfer of phosphate from 
phosphoenolpyruvic acid. 


tained 6 umoles of hexose diphosphate. 


TABLE I 
General Observations on Mitochondrial Inhibition of Glycolysis 

All the flasks contained the standard manometric additions, except for glucose, 
which is listed separately. Except for Experiments 3 and 6, all the flasks also con- 


The flasks with supernatant fraction con- 


tained 200 mg. equivalents of brain fraction S;, and the flasks with mitochondria 
contained 600 mg. equivalents of liver mitochondria in addition, except where noted. 
All the values are expressed in micromoles per flask, except for the additions in Ex. 
periments 8 and 10. 


Additions 4 lactic acid 
ment No. 
Glucose Other | “fraction | 
1 20 0 4.11 3.57 (125 mg. 
equivalents) 
2.17 (250 mg. 
equivalents) 
20 0.15 cytochrome c 4.13 1.13 (125 mg. 
equivalents) 
0.43 (250 mg. 
equivalents) 
2 20 0 3.97 0.05 
20 10 glutamate, 10 fumarate 4.08 0.99 
3 10 0 2.60 —1.10 
20 0 2.64 —1.06 
40 0 2.83 —1.23 
4 20 0 4.87 0.19 
0 20 fructose 4.18 0.06 
5 20 18 pyruvate, 30 fluoride, 10 6.92 3.48 
fumarate, 10 glutamate, in 
oxygen | 
20 18 pyruvate, 30 fluoride, 10 7.19 | 7.65 
fumarate, | 
10 glutamate, in nitrogen 
6 20 Isotonic 2.88 —0.65 
20 4 isotonic —1.34 
20 Isotonic (mitochondria pre- 0.02 
incubated at 30° for 30 min- 
utes) 
7 20 0 4.58 0.42 
20 3 cyanide 4.90 4.65 
20 75 malonate 3.86 1.59 
8 20 0 3.89 0.36 
20 5 X 10-7 gm. per ml. antimy- 3.76 3.91 
cin A 
9 20 0 4.63 0.87 
20 60 fluoroacetate 4.79 2.83 
10 20 0 4.35 —0.31 
20 2000 ethanol (3% v/v) 4.92 6.65 
20 2000 +“ (3% “*)+ 2 4.86 11.04 
< 10-5 gm. per ml. alcohol 
dehydrogenase 


1104 


| 
cy 
il 

a 
it 

t 

| 

| 


AISENBERG, REINAFARJE, AND POTTER 1105 


Effect of Oxidative Inhibitors—The effect of a group of inhibitors of oxi- 
dation is presented in Table I. Cyanide (0.001 mM) completely abolishes 
the mitochondrial inhibition of glycolysis, presumably by blocking the 
cytochrome chain (22), and antimycin A overcomes the mitochondrial 
inhibition, suggesting that the cytochrome reductase of the mitochondria 
is necessary (23). Blocking the citric acid cycle with malonate and fluoro- 
acetate causes only a partial release of the mitochondrial inhibition. 

Effect of Mitochondria from Various Tissues on Tumor Glycolysis—In 
view of the high level of aerobic glycolysis displayed by tumor tissue (24), 
it was thought to be of interest to study the inhibitory effect of liver and 
tumor mitochondria on the glycolysis of tumor 83. Table II presents 
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Fic. 3. Mitochondrial inhibition in a fluoride-containing system. The standard 
curve was obtained with the standard manometric additions plus 6 umoles of hexose 
diphosphate and 200 mg. equivalents of brain fraction S8;. The fluoride and pyru- 
vate curve was obtained with 30 umoles of NaF and 18 umoles of pyruvate in ad- 
dition. Additions of liver mitochondria are expressed in gm. equivalents and lac- 
tate accumulation in ymoles per flask. 


data which demonstrate that liver mitochondria effectively inhibit the 
glycolysis of the supernatant fraction of Flexner-Jobling carcinoma and 
Walker 256 carcinosarcoma, but that tumor mitochondria do not inhibit. 
Indeed, the studies with tumor mitochondria, in both the presence and 
absence of fluoride and pyruvate, indicate that mitochondrial addition 
causes a marked increase in glycolysis. These experiments with tumor 
mitochondria and supernatant fluid suggest that the high rate of aerobic 
glycolysis of tumor tissue is a property of the oxidative mechanism of the 
tumor mitochondria rather than of the glycolytic system of the tumor 
supernatant fluid. A considerable body of existing experimental evidence 
also supports the idea that the oxidative mechanism of the tumor cell 
differs from that of normal tissues (25, 26). 

Spleen and kidney mitochondria, like liver, inhibit the S; glycolytic 
system, but heart mitochondria produce a slight increase in glycolysis. 
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We have noted that the mitochondria which inhibit glycolysis all vield 
markedly yellow perchloric acid or trichloroacetic acid filtrate, while the 
filtrate from the tumor and heart mitochondria is white. This vellow ma- 
terial is presumably flavin in character as described by Beyer et al. (27), 

Equilibrium versus Non-Equilibrium Mechanism—Mechanisms of the 
Pasteur effect have been divided by Lipmann (7) into equilibrium mecha- 
nisms, in which there are stoichiometric coupling of oxygen uptake and 
inhibition of glycolysis, and non-equilibrium mechanisms, in which the 


TaBLe II 
Inhibition of Tumor Supernatant Fraction by 
Mitochondria from Different Tissues 
All the flasks contained the standard manometric additions plus 6 wmoles of hex- 
ose diphosphate, except where indicated. Lactie acid accumulation is expressed 
in micromoles per flask. 200 mg. equivalents of fraction S; were used in all cases. 


| Alactic | Mitochondria | a lactic acid super. 
Source of supernatant natant fraction + 
fraction | Source Amount | mitochondria 
pmoles 
Carcinoma, Flexner-Jobling | 4,22 Liver 0.25 4.22 
0.50 1.65 
| | 1.00 —0.44 
Carcinosarcoma, Walker 256 4.63 Liver 0.60 2.11 
| oe 1.20 0.00 
Kidney 1.00 1.07 
| Walker 256 | 4.00 5.64 
| Flexner-Job- | 3.00 14.34 
| ling | 
0.01M NaF,0.006m pyruvate, | 7.82 | Walker 256 2.40 9.95 
Walker 256 | 
Brain 2.79 Heart 1.00 4.21 
| Spleen 1.00 1.52 


inhibition is by the presence of oxygen itself. The equilibrium mechanisms 
include mitochondrial oxidation of pyruvate or DPNH, mitochondrial 
competition for phosphate acceptor or inorganic phosphate, and mito- 
chondrial resynthesis of glucose. The non-equilibrium mechanisms imply 
an inhibition of one of the glycolytic reactions through the presence of 
oxygen and are not stoichiometrically coupled to oxygen uptake. In this 
section, data on the general question of equilibrium versus non-equilibrium 
mechanisms will be considered, and later, experiments concerned with the 
specific mechanisms will be discussed (see below, and Paper II). 

This question has been approached by studying the amount of glycolysis 
inhibited by a given amount of mitochondria over a wide range of lactate 
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production which was varied by using different amounts of glycolytic sys- 
tem. The amount of mitochondria used (0.30 gm. equivalent) was so 
chosen that only a moderate degree of inhibition was obtained at the lowest 
level of fraction S3 used. The actual data are plotted in Fig. 4, and in Fig. 
5 the micromoles of lactate inhibited are plotted against micromoles of lae- 
tate produced by the supernatant system alone. The results clearly indi- 
cate that, even at this relatively ineffective level of mitochondria (ef. Fig. 
3), the degree of inhibition is independent of the level of glycolysis. These 
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Fig. 4 Fia. 5 


Fic. 4. Effect of increasing amounts of glycolytic system on mitochondrial in- 
hibition. In addition to the standard manometric additions, all flasks contained 6 
umoles of hexose diphosphate. The lower curve contained 300 mg. equivalents of 
liver mitochondria. The amount of glycolytic enzyme system is indicated along 
the abscissa in gm. equivalents of brain fraction 8;, and lactate accumulation is ex- 
pressed in micromoles per flask. Sup. = supernatant; mito. = mitochondria. 

Fic. 5. Lactate accumulation of the uninhibited glycolytic system plotted against 
lactate accumulation inhibited by 300 mg. equivalents of liver mitochondria. The 
data were derived from Fig. 4. 


data are not consistent with a stoichiometric coupling of the Pasteur ef- 
fect to the mitochondrial oxidative system. 

Pasteur Mechanism Involving Mitochondrial Oxidation of Pyruvate—F¥ or 
lactate production, only DPNH and pyruvate are required in the presence 
of the enzyme lactic dehydrogenase. Addition of excess pyruvate to the 


inhibited system should indicate which of the two compounds mediates 


the Pasteur effect, since inhibition remaining in the presence of excess 
pyruvate could only be mediated by DPNH. In Fig. 6, where the effect 
of pyruvate addition on the inhibited and uninhibited system is presented, 
it will be noted that about half of the mitochondrial inhibition is released 
by pyruvate (the curve labeled ‘‘actual’’). However, the inhibited curve 
must be corrected for the dismutation of pyruvate to lactate and acetate 
by mitochondria (28). In Fig. 6, the necessary data on mitochondrial 
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dismutation are also presented and the corrected curve is shown. From 
these data, it appears that about three-fourths of the mitochondrial inhibi- 
tion is mediated through DPNH and one-fourth through pyruvate. The 
pyruvate-mediated mitochondrial inhibition is also manifested in the re- 
lease of mitochondrial inhibition by malonate and fluoroacetate, com- 
pounds which block the citric acid cycle (Table I). 

Mitochondrial inhibition of glucose utilization could not be mediated 
through oxidative removal by mitochondria of the glycolytically generated 
pyruvate. The pyruvate addition experiments suggest that mitochondrial 


A LACTIC (yM) 


Oo 10 30 60 
PYRUVIC ADDED (pM) 

Fic. 6. Effect of pyruvate addition on mitochondrial inhibition of lactate accu- 
mulation. The flasks contained the standard manometric additions plus 6 uwmoles of 
hexose diphosphate. 200 mg. equivalents of brain fraction 8S; and 600 mg. equivalents 
of liver mitochondria were added to the respective flasks. The upper inhibited 
curve (‘‘actual’’) indicates the inhibited lactate accumulation determined experi- 
mentally. The lower inhibited curve (“‘corrected’’) represents the inhibited lactate 
accumulation corrected for mitochondrial dismutation of pyruvate (curve labeled 
‘‘mito.’’). All values are expressed in micromoles per flask. 


oxidation of pyruvate is also not an important factor in the inhibition of 
lactate accumulation. 

Role of DPNH in Mitochondrial Inhibition—Because the above studies 
suggested the importance of DPNH in mitochondrial inhibition of gly- 
colysis, studies were undertaken on levels of pyridine nucleotides in the 
medium, on the effect of the addition of reduced and oxidized DPN to the 
inhibited and uninhibited systems, and on the oxidation of DPNH by 
isolated mitochondria. Ball (4), in 1939, suggested that the Pasteur effect 
might operate through oxidation of DPNH by the flavin-cytochrome sys- 
tem. 

Levels of Reduced and Oxidized DPN—Table III presents analytical 
data on the levels of reduced and oxidized pyridine nucleotide in the in- 
hibited and uninhibited system. No DPNH could be detected by the 
method used in either the inhibited or uninhibited system, although the 
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added pyridine nucleotide was quantitatively recovered in the oxidized 
form. Even in the presence of 0.01 m fluoride without added pyruvate, 
which one would have anticipated to maintain DPN in the reduced form, 
DPNH could not be detected. The total amount of pyridine nucleotide 
added was increased 10-fold in this experiment, in order to make a small 
final per cent of DPNH detectable. The method of Holzer used to detect 
DPNH was shown to be sufficiently sensitive to detect, quantitatively, 
0.24 umole of DPNH added to a non-incubated control. This very low 
level of DPNH found on direct analysis agrees with values calculated from 
experimentally found pyruvate and lactate levels and thermodynamic data 
(29). 

DPN and DPNH Addition—Figs. 7 and 8 demonstrate the results of the 


TABLE III 
Levels of DPN and DPNH 


The flasks contained the standard manometric additions, except for DPN and 
DPNH additions as indicated. All the flasks also contained 6 wmoles of hexose di- 
phosphate and 200 mg. equivalents of brain fraction S;, and the flasks with mito- 
chondria contained 500 mg. equivalents of liver mitochondria. All the values are 
expressed in micromoles per flask. 


| Supernatant 


Supernatant 1 Supernatant | Supernatant fraction + 
DPN at O min. 2.65 2.65 2.65 2.65 
DPNH at 0 min. 0 0 0 0 
DPN at 30 min. 2.68 2.61 2.70 2.74 
DPNH at 30 min. 0.00 0.04 0.04 0.00 


addition of reduced and oxidized pyridine nucleotides to the standard re- 
action medium. With DPN, once catalytic amounts have been added, 
further addition is without effect. However, stoichiometric addition of 
DPNH results in a considerable formation of lactate in the system in- 
hibited by mitochondria, while the addition of DPNH to the glycolytic 
system alone is without effect. 

To study further the influence of DPNH on lactate formation, the sys- 
tem was simplified by the omission of glucose and hexose diphosphate. <A 
pool of pyruvate was added, and lactate formation was studied in mito- 
chondria with and without the glycolytic enzyme system (Table IV). It 
will be noted that the addition of 8 uymolesof DPNH results in an accumula- 
tion of 3.6 uwmoles of lactate in the system with mitochondria alone and 1.5 
umoles in the system with mitochondria and supernatant solution. The 


amount of DPNH which reacts with pyruvate is probably greater than 
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these values indicate because of propanediol phosphate formation. LePage 
has shown that this formation takes place under conditions similar to those 
of the present experiments (30). 


A LACTIC (uM) 
A LACTIC (yM) 


Sup 


a 


MITO. + 


4 8 
DPN DPNH- (yM.) 
Fic. 7 Fic. 8 


Fic. 7. Effect of added DPN on mitochondrial inhibition of lactate accumula- 
tion. All the flasks contained the standard manometric additions plus hexose di- 
phosphate, except for DPN additions as indicated along the abscissa. All the values 
are expressed in micromoles per flask. Uninhibited systems contained 200 mg. equiv- 
alents of brain fraction Ss, and inhibited flasks contained, in addition, 600 mg. equiv- 
alents of liver mitochondria. Sup. = supernatant; mito. = mitochondria. 

Fic. 8. Effect of added DPNH on mitochondrial inhibition of lactate accumula- 
tion. The conditions are the same as in Fig. 7. 


TaBLeE IV 
Effect of Added DPN and DPNH on Simplified System 


Each flask contained 20 wmoles of pyruvate, 2 umoles of ATP, 120 uwmoles of nico- 
tinamide, 75 wmoles of KHCQOs;, 12 umoles of MgCl., and DPN or DPNH additions 
as indicated. The flasks contained 600 mg. equivalents of liver mitochondria with 
or without 200 mg. equivalents of brain fraction S;. All the values are expressed in 
micromoles per flask. 


Additions 
To 
| 0 3umoles | 3umoles | 8 umoles | 8 pmoles 
PN DPNH DPN DPNH 

Final lactate, Mitochondria 0.940.95 | | 1.23 4.55 
umoles Mitochondria + 2.212.09 1.19 | 1.17 | 1.50 | 3.53 

supernatant | | | | ! 
Final pyruvate, Mitochondria 20.00.15 | —«0..46 0.46 
umoles Mitochondria + 20.00.12, 0.50 0.43 0.45 0.89 

supernatant | | | | | 


In order to compare more directly the relative ability of mitochondria 
and pyruvate to oxidize DPNH, spectrophotometric experiments on the 
oxidation of DPNH by isolated mitochondria were performed. Repre- 
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sentative experiments are presented in Figs. 9 and 10. It was found, as 
Lehninger had reported (20), that external cytochrome ¢ increased the 
rather slow rate of DPNH oxidation by mitochondria prepared by sucrose 
fractionation. However, pyruvate was able to oxidize DPNH at about 
10 times the rate of oxidation by the mitochondrial cytochrome system. 

These studies with DPN and DPNH have indicated that in the inhib- 
ited and uninhibited glycolytic systems the level of DPNH is extremely 
low, a finding consistent with the pyruvate addition experiments which 
suggest that the availability of DPNH is more critical than pyruvate in 


NO CYTO 2xI0°M 
Uy 0 
v0 Ar 
5 
Be m NO CYTO. C = m 5, 
= = 
0 30 60 
TIME (Min.) TIME (Min.) 
Fia. 9 Fria. 10 


Fic. 9. Spectrophotometrie study of oxidation of externally added DPNH by 
isolated mitochondria and by pyruvate in the absence of added cytochrome c. The 
reactions were followed at 340 my in a 3.0 ml. quartz cell which contained the standard 
spectrophotometric additions plus 0.62 umole of DPNH and 7.5 mg. equivalents of 


liver mitochondria prepared in sucrose. 
added pyruvate. Cyto. = cytochrome. 


Fic. 10. Spectrophotometric study of oxidation of added DPNH by isolated mito- 
chondria and by pyruvate in the presence of added cytochrome c. The conditions 


are the same as in Fig. 9, except that each cuvette contained 0.06 umole of equine 
cytochrome c. Cyto. = cytochrome. 


The pyruvate curve contained 6 umoles of 


lactate formation. The DPNH studies also indicate that, when stoichio- 


metric levels of DPNH are added, the cytochrome system of the mito- 
chondria competes poorly with pyruvate for the hydrogen of reduced DPN 
and lactate accumulates. 

The results with ethanol addition support this formulation (Table I, 
Experiment 10). Small amounts of ethanol overcome the mitochondrial 
inhibition of lactate accumulation, while added exogenous alcohol dehy- 
drogenase results in a further increase in lactate formation. Presumably 
ethanol addition causes a rate of DPNH formation beyond the oxidative 


capacity of the mitochondria, and lactate then accumulates. In the alco- 


hol experiments, the possibility of acetaldehyde interfering with the lactate 
determination was ruled out by direct determinations. 
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DISCUSSION 


The present report has been concerned with certain general observations 
on the mitochondrial Pasteur effect. The inhibition of glycolysis by mito- 
chondria has been shown to involve glucose disappearance as well as lactate 
accumulation. The two measurements of glycolysis have a different sig- 
nificance in that glucose disappearance will not be influenced by oxidative 
mitochondrial removal of glycolytically generated pyruvate and DPNH, 
while lactate accumulation will. The amount of glucose completely oxi- 
dized to CO, was determined by means of radioactive glucose and was 
found to be relatively small at moderate levels of mitochondrial addition, 
as compared with the amount of lactate accumulation inhibited. How- 
ever, presumably oxidation of DPNH and pyruvate by mitochondria does 
play a part in the inhibition of lactate accumulation, particularly at high 
levels of mitochondrial addition; this is also indicated by the observation 
that mitochondria will oxidize a considerable part of the lactate natively 
present in the supernatant fraction. 

The more important aspect of the mitochondrial Pasteur effect would 
appear to be the mechanism which inhibits the generation of DPNH and 
pyruvate by the glycolytic system rather than the oxidation of these com- 
pounds formed at their usual rate. Evidence has been presented that, of 
the two intermediates, DPNH is more important in mediating the mito- 
chondrial Pasteur effect than is pyruvate. 

The oxidative pathway of the mitochondria is clearly involved, as mani- 
fested by loss of the inhibitory power of mitochondria in the absence of 
oxygen and in the presence of cyanide and antimycin. However, the oxi- 
dative apparatus of the mitochondria does not appear to be stoichiomet- 
rically coupled to the mechanism of glycolysis inhibition. Oxidative sub- 
strates do not have a beneficial effect on the mitochondrial inhibition. 

Further discussion of these subjects will be presented in Paper IT, in 
which detailed consideration will be given to a number of specific mecha- 
nisms for the Pasteur effect. 


The authors wish to express their gratitude to Dr. G. A. LePage for 
gifts of chemicals and transplanted tumors and for many helpful sugges- 
tions. 


SUMMARY 


1. A Pasteur effect has been set up in a particulate system by means of 
the addition of increasing quantities of rat liver mitochondria to a glyco- 
lytic system (the high speed supernatant fraction of rat brain or tumor 
tissue). The mitochondria inhibit both lactate accumulation and glucose 
disappearance. 
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2. The oxidative mechanism of the mitochondria, including the cyto- 
chrome chain and cytochrome reductase, was shown to be involved in the 
inhibition of glycolysis. 

3. The mitochondrial inhibition is mediated primarily by inhibition of 
formation of reduced diphosphopyridine nucleotide rather than by inhibi- 
tion of formation pyruvate. 
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STUDIES ON THE PASTEUR EFFECT 
Il. SPECIFIC MECHANISMS* 
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In Paper I (2), general observations were presented on a Pasteur effect 
obtained in a particulate system by the addition of liver mitochondria to 
the supernatant glycolytic system of rat brain or tumor tissue. In this pa- 
per, studies dealing with three possible mechanisms will be presented, 7.e. 
mitochondrial competition for inorganic phosphate and phosphate accep- 
tor, mitochondrial resynthesis of glucose, and mitochondrial inhibition of 
the hexokinase or phosphohexokinase reactions. The present studies have 
led us to favor the last of these as the mechanism of the mitochondrial 
Pasteur effect. 


EXPERIMENTAL 


The general conditions and preparation of tissue were the same as in Pa- 
per I (2). 

Additional Analytical Procedures—The sum of hexose diphosphate and 
fructose-6-phosphate was determined chemically as fructose by the method 
of Roe (3). Correction for the sucrose content of the mitochondria was 
made by direct analysis. AMP,! ADP, and ATP were analyzed by chro- 
matography of the neutralized perchloric filtrate on Dowex 1 chloride by 
the method of Siekevitz and Potter (4). The mitochondria were centri- 
fuged before addition of the perchloric acid so that the adenine nucleotides 
of the medium were not contaminated with mitochondrial nucleotides. 

The mitochondrial volume of the perchloric acid-fixed mitochondria was 


* This work was supported by a grant (No. C-646) from the National Cancer Insti- 
tute, National Institutes of Health, Public Health Service, and in part by an insti- 
tutional research grant (No. 71) from the American Cancer Society. A portion of 
this work was presented at the meeting of the American Association for Cancer Re- 
search, Atlantic City, April 13, 1956 (1). 

t Fellow in Cancer Research of the American Cancer Society. Present address, 
Massachusetts General Hospital, Boston, Massachusetts. 

1 The following abbreviations are used in this paper: AMP, ADP, ATP = adeno- 
sine mono-, di-, and triphosphates; DPN and DPNH = oxidized and reduced diphos- 
phopyridine nucleotide; DNP = 2,4-dinitrophenol; S; = high speed supernatant 
fraction; c.p.m. = counts per minute as measured in internal gas flow proportional 
counters. 
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measured by pouring the acidified flask contents into a graduated centri- 
fuge tube and centrifuging for 15 minutes at 600 X g. Nucleotide content 
of the mitochondria was estimated by the method of Siekevitz and Potter 
(5). However, to insure mitochondria that were completely free from 
contamination by nucleotides of the medium, an additional sucrose wash 
was performed prior to the addition of perchloric acid. 

Materials—Hexose diphosphate was a gift of Dr. G. A. LePage and had 
been purified by chromatography of the Nutritional Biochemicals Corpo- 
ration product on Dowex 1 chloride. Glucose-6-phosphate was obtained 
from the Schwarz Laboratories, Inc. 

Pyruvate-2-C'* was prepared by chromatogaphy on Dowex 1 chloride 
after hydrolysis of the commercially obtained pyruvamide. Acetate-1-C™ 
was prepared by the method of Lemmon (6). Glucose-2-C and other 
materials were the same as those used in Paper I (2). 


Results 


Studies on Competition for Phosphate Acceptor and Inorganic Phosphate— 
Since 1941, when Johnson (7) and Lynen (8) suggested that the Pasteur 
effect was mediated through a competition between the oxidative and gly- 
colytic pathway for phosphate acceptor or inorganic phosphate, consider- 
able attention has been directed towards this mechanism. The mitochon- 
drial Pasteur effect has been studied from this standpoint both by analysis 
of the inhibited and uninhibited systems for adenine nucleotides and by 
addition of phosphate acceptor. 

Figs. 1 and 2 represent a time-curve analysis of the inhibited and unin- 
hibited systems for lactate, pyruvate, AMP, ADP, and ATP. If the mech- 
anism of mitochondrial inhibition involved a competition for phosphate 
acceptor, the level of ADP or AMP should be lower, and the level of ATP 
higher, in the inhibited than in the uninhibited system. However, the re- 
sults indicate that the levels of all three nucleotides were slightly higher in 
the system with mitochondria. Since the mitochondria were centrifuged 
before determination of the nucleotides, the values in Fig. 2 represent the 
true adenine nucleotide level of the medium. 

A second experimental approach to the role of phosphate acceptor in 
mitochondrial inhibition is to study the effect of the addition of large quan- 
titiesof ADP tothesystem. Direct analysis has shown that the addition of 
ADP does raise the level of ADP of the medium, though the addition of any 
single nucleotide results in an equilibrium mixture of AMP, ADP, and 
ATP (4). Fig. 3 demonstrates that under standard conditions the addition 
of 20 umoles of ADP results in a complete release of mitochondrial inhibi- 
tion. However, interpretation of this experiment is complicated by gross 
alterations in mitochondrial integrity which occur at high ADP concentra- 
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tions. It was noted that at high ADP concentrations, in the absence of 
fluoride, the mitochondria become markedly translucent. It was found 
that the volume of the centrifuged mitochondrial pellet was increased, 
whether determined either before or after perchloric acid addition. By 
pouring the perchloric acid-precipitated contents of the Warburg flasks into 
graduated centrifuge tubes and centrifuging under standard conditions, a 
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Fic. 1. Time-curve analysis of inhibited and uninhibited glycolytic systems for 
lactate accumulation and for pyruvate. All the values along the ordinate are ex- 
pressed in micromoles per flask. Each flask contained 200 mg. equivalents of brain 
fraction S3, and the flasks with mitochondria contained 600 mg. equivalents of liver 
mitochondria. All the flasks contained standard manometric additions plus 6 umoles 
of hexose diphosphate and were run under standard conditions. 

Fic. 2. Time-curve analysis of inhibited and uninhibited glycolytic systems for 
adenine nucleotides. All the values along the ordinate are expressed in micromoles 
per flask. AMP, ADP, and ATP determinations for the experiment are represented 
in Fig. 1. 


quantitative estimate of mitochondrial swelling could be obtained. Table 
I presents data correlating mitochondrial swelling and inhibition of lac- 
tate accumulation. The addition of 20 wmoles of ADP results in a 
mitochondrial volume which is more than twice that found in the presence 
of 2 umoles. By washing the mitochondria with sucrose and then extract- 
ing the mitochondrial nucleotides with perchloric acid, it can be demon- 
strated that the swollen mitochondria had lost more than half of their 
nucleotide content. The data in Table I also indicate that a supernatant 
enzyme system is required for mitochondrial swelling, and that fluoride 
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will prevent the swelling even though both ADP and the supernatant fluid 
are present. The phenomenon of mitochondrial swelling has been reported 


STANDARD 


+ 
= 


A LACTIC (yM.) 
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ADP (yM 

Fic. 3. Effect of ADP addition on mitochondrial inhibition of lactic acid accu- 
mulation under standard conditions. All the values along the ordinate and abscissa 
are expressed in micromoles per flask. [ach flask contained 200 mg. equivalents of 
brain fraction S83, and the flasks with mitochondria contained 600 mg. equivalents of 
liver mitochondria. All the flasks contained standard manometric additions plus 6 
umoles of hexose diphosphate. 


TaBLe I 
Effect of ADP Addition on Mitochondrial Swelling and 
Mitochondrial Inhibition of Glycolysis 

The flasks contained the standard manometric additions except for the omission 
of ATP, and contained also 6 umoles of hexose diphosphate. ADP additions and lac- 
tate accumulation are expressed in micromoles per flask and E259 content as micro- 
moles of adenine nucleotide per flask. 200 mg. equivalents of brain fraction 8; and 
500 mg. equivalents of liver mitochondria were used. 


M M | | 
. Mito- | Mito- | chon- 
Super- — dria + 
drial ria + | dria + natant | super- 
control | SUPer- | super- dria ria | natant 
natant | natant Sue 
a 
| 
ADP added, umoles —~0 2 | 20 | 2 2 20 20 
Final mitochondrial volume, ml. | 0.19 0.22 0.48 0.00 | 0.21 | 0.22; 0.29 
Final content, umole (0.68 0.33, | | 
A Lactic acid, umoles | —0.30 5.15 4.35 | 


by Raaflaub (9), and has been studied in detail both by him and by Lind- 
berg and Ernster (10). 

Fig. 4 represents ADP addition to the fluoride- and pyruvate-containing 
system, and it will be noted that under these conditions ADP fails to re- 
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lease mitochondrial inhibition. Whether the fluoride block of the ADP re- 
lease of mitochondrial inhibition is mediated by fluoride maintenance of 
mitochondrial integrity or through one of the many other actions of fluoride 
is speculative. Clearly, interpretation of the ADP addition experiments is 
too complex to be helpful. 

Since the original observation of Dodds and Greville that dinitrophenol 
releases the oxidative inhibition of glycolysis (11), a number of confirma- 
tory reports have appeared (12-14). Dinitrophenol causes an almost com- 
plete release of the inhibition of glycolysis by mitochondria in the standard 
system (Table II). However, it will be noted that in the presence of fluo- 
ride and pyruvate this action of dinitrophenol is blocked. 

Table III presents data on inorganic phosphate analysis in the inhibited 
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LACTIC (uM) 


2 10 20 30 
ADP (pM) 
Fic. 4. Effect of ADP addition on mitochondrial inhibition of lactate accumula- 


tion in the presence of fluoride and pyruvate. Except for the addition of 30 wmoles 
of NaF and 18 uwmoles of pyruvate, the conditions are the same as in Fig. 3. 


and uninhibited glycolytic systems. It is clear that there is net uptake of 
inorganic phosphate in the glycolytic system alone, while, when mitochon- 
dria are added, there is net release of phosphate. This occurs at both high 
and low initial levels of inorganic phosphate and is a strong argument 
against the participation of a competition for inorganic phosphate being 
involved in the mitochondrial Pasteur effect. 

Mitochondrial Resynthesis of Glucose—Resynthesis of glucose as the mech- 
anism of the Pasteur effect was first postulated by Meyerhof (15). The 
possibility of such a mechanism operating in the mitochondrial system has 
been investigated through studies on the incorporation of labeled pyruvate 
and acetate into glucose and by attempts to obtain dilution of the radio- 
active glucose pool by the addition of non-radioactive pools of glycolytic 
intermediates. 

To study the incorporation of radioactive pyruvate into glucose, the 
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inhibited and uninhibited systems were incubated with pyruvate-2-C™ 
(200,000 c.p.m. per flask), and the neutralized perchloric acid filtrate was 
passed through Dowex 1 chloride. From the effluent, the osazone of glu- 
cose was prepared and crystallized to constant specific activity. Only 0.6 
per cent of the radioactivity of the added pyruvate was incorporated into 
glucose in the inhibited system. Since under the conditions of this experi- 
ment over 5 uwmoles of glucose disappearance were inhibited and since the 
total pyruvate pool of 50 umoles present at the beginning of the experiment 
had disappeared, one would expect incorporation of pyruvate into glucose in 


TaBLeE II 
Effect of Dinitrophenol and Hexokinase 
All the flasks contained the standard manometric additions, 6 uzmoles of hexose 
diphosphate, and 200 mg. equivalents of brain fraction 8;, and the flasks with mito- 
chondria contained, in addition, 600 mg. equivalents of liver mitochondria. Lac- 
tate accumulation in micromoles per flask. 


A Lactic acid, wmoles 
Experiment No. Additions | 
Superatant 
1 0 4.60 0.89 
Dinitrophenol, 3 X 10-5 mM 4.47 4.10 
2 NaF, 0.01 M; pyruvate, 0.006 mM; glu- 6.92 3.48 
tamate and fumarate, 0.003 M 
NaF, 0.01 M; pyruvate, 0.006 m; glu- 6.94 | 3.48 
tamate and fumarate, 0.003 m; di- 
nitrophenol, 3 X 10-5 M 
3 0 | 4.31 0.81 
Yeast hexokinase, 2 mg. per ml. 7.72 2.05 
Insulin, 0.4 mg. per ml. 4.46 0.60 


the range of 20 per cent if pyruvate were being directly synthesized into 
glucose. ‘Thus the evidence strongly indicates that pyruvate, at least, is 
not being synthesized into glucose in large amounts. Similar results were 
obtained with acetate-1-C'*. Glucose in the neutral effluent was purified by 
paper chromatography by a butanol-isobutyric acid system (16). Only 
0.3 per cent of the added 900,000 c.p.m. was found to be incorporated into 
the partially purified glucose. Thus acetate, like pyruvate, is not being 
synthesized into glucose in large amounts in the inhibited system, nor is it 
the direct precursor of a compound that is. 

The question of mitochondrial resynthesis of glucose has also been ap- 
proached by studying the dilution of radioactive glucose by pools of un- 
labeled glycolytic intermediates. Data on the dilution of glucose-2-C" in 
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the inhibited and uninhibited glycolytic systems in the presence of pools of 
unlabeled pyruvate and hexose diphosphate are presented in Table IV. 
The neutral Dowex 1 effluent was used to determine the quantity designated 
as G, the number of micromoles of glucose remaining at the end of the in- 
cubation as determined chemically. The radioactivity of the effluent was 
determined, and from this and from the specific activity of original glucose, 
the quantity G’, 7.e. micromoles of the original glucose remaining at the end 
of the incubation period, was calculated. The micromoles of original glu- 
cose remaining were then subtracted from the micromoles of chemically 
determined glucose remaining, to yield the quantity G — G’, which is a meas- 


TaBLeE III 
Levels of Inorganic Phosphate in Inhibited and Uninhibited Systems 
In Experiment 2, the flasks contained the standard manometric additions, while 
in Experiment 1 they contained, in addition, 6 wmoles of hexose diphosphate and 4 
umoles of inorganic phosphate. Al] the values are expressed in micromoles per flask, 
and all the flasks contained 200 mg. equivalents of brain fraction 83. 


. Inorganic phosphate 4 Lactic 
Tiss 
‘ Initial | Final A lation 
pmoles | | pmoles pmoles 
l Supernatant 6.00 | 1.53 | —4.47 | +4.35 
= + 0.6 gm. equivalent mito- | 6.00 | 6.93 | +0.93 | —0.31 
chondria 
2 Supernatant 1.93 | 0.16 | —1.77 | +3.83 
es + 0.6 gm. equivalent mito- | 1.93 | 1.70 | —0.23 | —1.37 
chondria 
Supernatant + 1.2 gm. equivalents mito- | 1.93 | 4.26 | +2.33 | —0.72 
chondria 


ure of the number of micromoles of glucose formed in the course of the 
incubation. In the control supernatant system this quantity is zero, in- 
dicating that there has been no glucose synthesis, but in the system with 
high levels of mitochondria it is consistently positive to the extent of 1.0 
to 2.0 umoles of glucose. This suggests that in the mitochondrial system 
there is synthesis of some glucose from unlabeled endogenous precursors. 
With a large pool of hexose diphosphate, the quantity G — G’ glucose has the 
same value as the controls in both the inhibited and uninhibited systems, 
indicating that there is no important flow of unlabeled hexose diphosphate 
into labeled glucose. With pyruvate addition there is, for the first time, 
net accumulation of glucose of over 1 umole. However, this is not consid- 
ered to be net glucose synthesis, since the increased accumulation of glucose 
over the control without pyruvate is due to an increase of original rather 
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than of unlabeled glucose; z.e., the quantity G — G’ glucose is relatively un- 
changed. ‘This net accumulation in the presence of large pyruvate pools, 


TABLE IV 


Dilution of Glucose-2-C'* during Incubation in Inhibited and 
Uninhibited Glycolytic Systems 
All the flasks contained the standard manometric additions, except for glucose, 
which was reduced to 10 umoles per flask and contained 63,000 ¢.p.m. of glucose-2-C', 
The flasks also contained the additions noted. 250 mg. equivalents of brain fraction 
S; were added to all the flasks, and, in addition, 1200 mg. equivalents of liver mito- 
chondria were added to the flasks with mitochondria. Gis the chemically determined 
reducing sugar in the effluent obtained by passing the neutralized perchloric filtrate 
of the flask through Dowex 1 chloride. G’ is obtained by dividing the count in the 
effluent by the specific activity of the glucose at the beginning of the incubation 
(To). All the values are expressed in amounts per flask. 


| | 
Supernatant 


| 
Super- | 
Super 


Supernatant Supernatant mito- Supernatant To 

Added pyru- 

vate, umoles... 0 0 0 0 50 50 0 
Added hexose 

diphosphate, 

Ean 0 0 22 22 0 0 0 
Lactate accu- | 

mulation, | | | 

+3.83 —-1.37) +5.50 +3.01) +4.06 +2.17 0.0 
G, final chemical | | | 

glucose, | | | 

7.83 1.90; 1.20 3.91) 11.10 10.00 


C.p.m. in neu-— | | | 
tral effluent... 25,000 41,000 10,700 2410 25,800 59,500 63,000 
Specific activity 
of G, c.p.m. 
per umole...... 6 ,670 5,440 5,630 2010 6,590 6, 280 6,510 
G’, initial glu- 
cose-2-C!* re- 
maining after 
incubation, | | 
pmoles........| 3.83 6.30 1.64, 0.37 3.95 9.14 9.70 
G — G’, unla- 
beled glucose 
formed during | 
incubation, | | | 
| —0.08 +1.53 +0.26 +0.83. —0.04 +1.96 +0.30 


| 
| 
| 


which has been consistently observed, is due to the almost complete inhibi- 
tion of glucose breakdown by mitochondria, combined with the formation 
of glucose from endogenous sources, possibly glycogen, by mitochondria. 
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Studies on Direct Inhibition of Glycolytic Reaction by Oxygen—Lipmann 
(17) was the first to stress a mechanism for the Pasteur effect involving 
inhibition by the presence of oxygen rather than by a coupling of oxygen 
consumption to glycolysis through an equilibrium mechanism of the type 
that has been considered in the preceding sections of this paper. Engel’- 
hardt and Sakov carried the matter further by suggesting, on the basis of 
the sensitivity of the phosphohexokinase reaction to oxidizing agents, that 


TABLE V 
Disappearance of Fructose Phosphates 


The flasks contained the standard manometric additions, except for glucose, 
which was reduced to 10 wmoles per flask. In addition, 6 ~zmoles of hexose diphos- 
phate were added to the flasks in Experiment 2. All the flasks also contained 250 
mg. equivalents of brain fraction 83 and gm. equivalents of liver mitochondria as in- 
dicated. All the values are expressed in micromoles per flask. Glucose disappear- 
anee was determined chemically. 


Superna- | Superna- | Superna- 
Experiment _ Superna- jtant + 0.3 tant + 0.6 tant + 1.2 To 
No. tant gm. mito- | gm. mito- | gm. mito- 
chondria | chondria | chondria 
pmoles pmoles umoles umoles | umoles 
1 Lactate accumulation +3.40 | —0.05 | —1.80 | —1.75 
Pyruvate 25 +1.74 | +0.21 | +0.12 | +0.13 
Glucose disappearance +6.70 | +3.82 | +2.01 | +1.66 
Final level of fructose phos- 2.89 0.75 0.95 0.86 | 0.60 
phates 
Accumulation of fructose | +2.29 | +0.15 | +0.35 | +0.26 
phosphates 
2 Lactate accumulation +6.55 | +4.48 | +1.66 | +0.32 
Pyruvate 1, +2.38 | +0.41 | +0.34 |) +0.31 
Glucose disappearance +7.65 | +5.94 | +3.84 | +1.73 
Final level of fructose phos- 7.92 4.39 4.10 4.75 | 6.70 
phates 
Accumulation of fructose | +1.22 ) —2.31 | —2.31 | —1.95 
phosphates 


it was this reaction that was involved in the oxidative inhibition of glycol- 
ysis (18). The mitochondrial Pasteur effect has been studied with regard 
to this mechanism by determining the level of fructose phosphates and by 
observing the results of hexose phosphate addition on the inhibition. 

In Table V the inhibited and uninhibited glycolytic systems have been 
analyzed for total fructose phosphates, 7.e. the sum of hexose diphosphate 
and fructose-6-phosphate. In the absence of added hexose diphosphate, 
the level of fructose phosphates is considerably higher in the glycolytic sys- 
tem alone than in the system to which mitochondria have been added. 
Furthermore, when a pool of hexose diphosphate is added, there is still a 
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fructose phosphate accumulation in the supernatant system, whereas fruc- 
tose phosphate disappears in the mitochondrial system. Thus it would ap- 
pear that the inhibited system is characterized by a lower level of fructose 
phosphates than the uninhibited system and by an ability to utilize hexose 
diphosphate under conditions of inhibited glucose utilization. 

Fig. 5 presents the effect of the addition of 22 wmoles of hexose diphos- 
phate to the supernatant system alone and to the supernatant system with 
varying amounts of mitochondria. Mitochondrial inhibition of lactate 
accumulation is completely inhibited at levels of mitochondrial addition up 


LACTIC (pM) 
A LACTIC (yM.) 


MITOCHONDRIA (Gm.) MITOCHONDRIA (Gm.) 
Fic. 5 Fig. 6 


Fig. 5. Effect of hexose diphosphate addition on mitochondrial inhibition of lac- 
tate accumulation. All the flasks contained the standard manometric additions plus 
250 mg. equivalents of brain fraction S;. Additions of liver mitochondria are ex- 
pressed in gm. equivalents along the abscissa, and 22 umoles of hexose diphosphate 
were added to the flasks along the hexose diphosphate curve. 

Fic. 6. Effect of glucose-6-phosphate addition on mitochondrial inhibition of 
lactate accumulation. Conditions are the same as in Fig. 5, except that 22 umoles 
of glucose-6-phosphate were added to the flasks along the glucose-6-phosphate curve. 


to 0.6 gm. equivalents, whereas, at the highest level of mitochondria, inhi- 
bition is partially restored. By referring to Table IV, it can be seen that 
only lactate accumulation is inhibited at this high level of mitochondria, 
since glucose disappearance is virtually complete in both the inhibited and 
uninhibited systems under these conditions. The reason for this increase 
of glucose disappearance upon the addition of hexose diphosphate is not 
clear. One possibility is that hexose diphosphate reacts with glucose to 
give glucose-6-phosphate and fructose-6-phosphate as originally postulated 
by Lipmann (19). 

In Fig. 6 the curve for glucose-6-phosphate addition is presented. In 
contrast to hexose diphosphate, the addition of glucose-6-phosphate results 
in only a partial release of mitochondrial inhibition, even at low concentra- 
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tions of mitochondria. The addition of yeast hexokinase produces the 
same effect as glucose-6-phosphate addition (Table II), while insulin ad- 
dition is without effect. 


DISCUSSION 


Our studies have failed to support the suggestion that competition for 
phosphate acceptor or inorganic phosphate is involved in the mitochondrial 
inhibition of glycolysis. Direct analysis for AMP, ADP, and ATP has 
failed to reveal a depletion of phosphate acceptor in the inhibited system. 
Addition of ADP overcomes the mitochondrial inhibition, but only under 
circumstances in which there is a marked disorganization of the mitochon- 
dria. In the fluoride-containing system, where this disorganization is 
prevented, ADP addition is without effect. Further, we have reported in 
Paper I that preincubated mitochondria which are unable to carry on oxi- 
dative phosphorylation can still inhibit glycolysis and that the mitochon- 
dria do not require the addition of oxidative substrates. In agreement 
with previous studies on the effect of dinitrophenol on the Pasteur effect, 
we have found that the mitochondrial inhibition is released by this com- 
pound under certain conditions. 

In view of these observations it is believed that the evidence is against a 
competition for the extramitochondrial phosphate acceptor (ADP) being 
involved in the mitochondrial inhibition of glycolysis. However, oxidative 
phosphorylation involves more than the addition of inorganic phosphate 
to ADP, and indeed evidence suggests that dinitrophenol acts on some high 
energy compound such as Hunter’s Y-phosphate (20), which is nearer to the 
electron transport chain than is the phosphorylation of ADP. We believe 
that our data can be best explained by postulating that the Pasteur effect 
originates along the oxidative phosphorylation chain closer to the hydrogen 
transport system than does the phosphorylation of ADP. Operation of the 
Pasteur effect through a more subtle mechanism involving intramitochon- 
drial phosphate acceptor, or through a nucleotide system other than the 
adenine nucleotides, is not ruled out by our studies, but at present we do 
not have any experimental evidence for such a mechanism. Further, it is 
possible that experimental conditions can be found in which competition 
for extramitochondrial phosphate acceptor may mediate the Pasteur effect. 

Our studies on the question of mitochondrial resynthesis of glucose have 
been entirely negative, and the various studies taken together would seem 
to make such a mechanism unlikely. 

It is considered that the most likely mechanism for the Pasteur effect 
in the present system is mitochondrial inhibition of one of the initial reac- 
tions of glycolysis, most probably the phosphohexokinase reaction. In favor 
of this idea are the finding that the level of fructose phosphate in the inhib- 
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ited system is lower than in the uninhibited system and the fact that hexose 
diphosphate breakdown proceeds in the system where glucose breakdown 
is inhibited. Inhibition of the phosphohexokinase reaction is favored be- 
cause the inhibition is overcome by hexose diphosphate addition, but not 
by the addition of glucose-6-phosphate. ‘The phosphohexose isomerase 
reaction is probably not involved in the inhibition, since inhibition of fruc- 
tose glycolysis is as readily obtained as inhibition of glycolysis of glucose, 
Inhibition of the phosphohexokinase reaction would satisfactorily explain 
the inhibition of glucose formation, since the hexokinase reaction is subject 
to inhibition by product (21). It is possible, however, that both the hexo- 
kinase and phosphohexokinase reactions are inhibited. 

It would then be seen that the Pasteur effect in the mitochondrial system 
operates in the following manner. Oxygen acting through the cytochrome 
chain and cytochrome reductase of the mitochondria results in the forma- 
tion of some high energy intermediate of oxidative phosphorylation. This 
compound in some manner is able to inhibit the phosphohexokinase reac- 
tion and perhaps also the hexokinase reaction, thereby inhibiting the utili- 
zation of glucose. The relationship of this compound with the utiliza- 
tion of glucose would appear to be catalytic rather than stoichiometric, 
With regard to lactate accumulation, the resulting limitation of DPNH 
generation is thought to be more important than the limitation of pyruvate 
generation. As indicated in Paper I, direct oxidation of glycolytically gen- 
erated DPNH and pyruvate by mitochondria is thought to be of some sig- 
nificance in the inhibition of lactate accumulation, though it is not involved 
in the inhibition of glucose utilization. 

In conclusion, a number of qualifying remarks must be added. First, 
it should be emphasized that the preceding remarks apply only to the mito- 
chondrial system under the particular conditions employed. Secondly, 
the evidence that mitochondrial inhibition of phosphohexokinase takes 
place is not conclusive, but only suggestive. Finally, the mechanism by 
which the phosphohexokinase reaction is inhibited is entirely obscure. 
There are probably aspects of the problem which lie beyond the recognized 
biochemical pathways; e.g., the reason hexose diphosphate enhances glucose 
breakdown in both the inhibited and uninhibited systems. It is probably 
only by successive approximations that the problem of the mechanism of 
the Pasteur effect will be completely elucidated. However, it is felt that 
the problem is of such fundamental biochemical significance that further 
study with modern biochemical techniques is warranted. 
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SUMMARY 


1. The mitochondrial Pasteur effect has been studied with regard to 
three specific mechanisms for the Pasteur effect: mitochondrial competition 
for phosphate acceptor, mitochondrial resynthesis of glucose, and mito- 
chondrial inhibition of the hexokinase or phosphohexokinase reactions. 

2. Studies on the levels of adenine nucleotides in the inhibited and unin- 
hibited systems and studies on the effect of ADP addition have failed to 
support a mechanism for the mitochondrial Pasteur effect involving com- 
petition for extramitochondrial phosphate acceptor (adenosine diphosphate 
and adenosine monophosphate). 

3. Studies of both the incorporation of acetate-1-C™ and pyruvate-2-C™ 
into glucose and of the dilution of glucose-2-C'* by pools of unlabeled gly- 
colytic intermediates provided no evidence for resynthesis of glucose by 
mitochondria. | | 

4. In view of analytical data on the level of fructose phosphates and of 
studies on the effect of hexose phosphate addition, it was concluded that 
the most likely mechanism of the Pasteur effect under the experimental 
conditions studied was inhibition of the phosphohexokinase reaction and 
possibly also the hexokinase reaction by the oxidative system of the mito- 
chondria. 
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Tsuboi and Hudson, 889 
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Blood cell (s) —continued: 
Red, purine nucleoside phosphorylase 
isolation, Tsuboi and Hudson, 879 
Blood plasma: Cortisol determination, 
chromatography, paper, Bondy, 
Abelson, Scheuer, Tseu, and Upton, 
47 
y-Globulins, isolation, Goldstein and 


Anderson, 775 
Muscle and, pentose distribution, 
Helmreich and Cori, 663 


Blood serum: Cholesterol, origin, Mor- 
ris, Chaikoff, Felts, Abraham, and 
Fansah, 1039 

Hyaluronic acid, Deutsch, 767 


Proteins, injected, metabolism, Walter, 
Haurowitz, Fleischer, Lietze, Cheng, 


Turner, and Friedberg, 107 
Brain: V-Acetyl-L-aspartic acid, Vallan, 
4] 


Butyric acid: 8-Hydroxyiso-. See Hy- 
droxyisobutyrie acid 


Iso-. See Isobutyriec acid 


Cc 


Carbohydrate: Metabolism, liver, Ash- 
more, Cahill, Hastings, and Zottu, 


225 

Cahill, Ashmore, Zottu, and Hastings, 
237 

—, pyridoxine effect, Guggenheim and 
Diamant, 861 
Serine formation from, Jchihara and 
Greenberg, 331 


Cholestanol: Carbon 14-labeled, metab- 
olism, Harold, Chapman, and Chai- 
609 

Metabolism, epicholesterol and A*- 
cholestenone relation, Harold, Chap- 
man, and Chaikoff, 609 

Cholestenone: A‘-, metabolism, choles- 
tanol and epicholesterol relation, 
Harold, Chapman, and Chaikoff, 


Cholesterol: Blood serum, origin, Mor- 
ris, Chaikoff, Felts, Abraham, and 
Fansah, 1039 

Kpi-. See Epicholesterol 
Iso-. See Isocholesterol 


INDEX 


Choline: Formation, betaine, dietary and 
vitamin By, relation, Young, Lucas, 


Patterson, and Best, 341 
Citrate: Oxidation, vitamin D and, De 
Luca, Gran, and Steenbock, 201 


Cockroach: American, sterol metabo- 
lism, Casida, Beck, and Cole, 365 
Coenzyme: A thiol esters of isobutyric, 
methacrylic, and $-hydroxyisobu- 
tyric acids, valine degradation, 
effect, Robinson, Nagle, Bachhawat, 
Kupiecki, and Coon, l 
Copper: Di- and triiodothyronine com- 
plexes of, Davis, 759 
Iron metabolism, effect, Gubler, Cart- 
wright, and Wintrobe, 533 
Metabolism, Gubler, Cartwright, and 
Wintrobe, 533 
Mono- and diiodotyrosine complexes 
of, Davis, 759 
Thyronine complexes of, Davis, 759 
Thyroxine complexes of, Davis, 759 
Cortisol: Blood plasma, determination, 


chromatography, paper, Bondy, 
Abelson, Scheuer, Tseu, and Upton, 
47 
Cytochrome(s): Acetobacter suboxydans, 
King and Cheldelin, 579 
c, biosynthesis, yeast, oxygen effect, 
Yéas and Drabkin, 921 
—, synthesis, in vivo and in vitro, 
Marsh and Drabkin, 909 
Heart, spectra, low temperature, Es- 
tabrook and Mackler, 637 
Cytochrome oxidase: Lipides, Marinettt, 
Scaramuzzino, and Stotz, 819 
Cytoplasm: Ribonucleoprotein, liver, 
Petermann and Hamilton, 725 

D 


Dehydrogenase: ui-Glutamic acid. See 
Glutamic acid dehydrogenase 
3-Phosphoglyceraldehyde. See Phos- 
phoglyceraldehyde dehydrogenase 
Deoxyglucose: 2-, metabolic block, 
Wick, Drury, Nakada, and Wolfe, 


Deoxyribonucleic acid: Dinucleotides, 
isomeric, Privat de Garilhe, Cunning- 
ham, Laurila, and Laskowski, 


SF 8 
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Diaminopurine: 2,6-, xanthine oxidase, 


relation, Wyngaarden, 453 
Diaphragm: Galactose permeability, 
Resnick and Hechter, 941 
Perntose uptake, insulin effect, Aipnis 
and Cort, 681 
Diiodothyronine: Copper complexes, 
Davis, 759 
Diiodotyrosine: Copper complexes, 
Davis, 759 


Dinucleotide(s): Isomeric, deoxyribonu- 
cleic acid, Privat de Garilhe, Cun- 
ningham, Laurila, and Laskowski, 

751 

Diphosphopyridine nucleotide: Reduced, 
oxidation, liver mitochondria, phos- 
phorylation relation, Maley, 1029 


E 


Ehrlich: Ascites tumor, C!4-amino acids 
incorporation into  ribonucleopro- 
tein, Littlefield and Keller, 13 

— —, sugar penetration, Crane, Field, 
and Cori, 649 
See also Ascites, Tumor 

Enzyme(s): 5-Aminoimidazole ribotide 

synthesis, Levenberg and Buchanan, 
1005 
Blood cells, red, 7’subot and Hudson, 
879, 889 

Co-. See Coenzyme 
Complex, mitochondria, phosphoryla- 
tion, oxidative, relation, Cooper and 


Lehninger, 547, 561 
Copper effect, Gubler, Cartwright, and 
Wintrobe, 533 


Escherichia coli tryptophan  auxo- 
trophs, use in study, Yanofsky, 
783 
(a-N-Formyl)glycinamidine ribotide 
synthesis, Levenberg and Buchanan, 
1019 
a-D-Galactopyranosyl -8 -b -fructofu - 
ranoside sucrose isomer synthesis, 
Feingold, Avigad,and Hestrin, 


295 
Glycolic acid oxidation, a-hydroxysul- 
fonates, effect, Zelitch, 251 


Iron effect, Gubler, Cartwright, and 
Wintrobe, 533 
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Enzyme (s)—continued: 
Lactic acid oxidation, a-hydroxysul- 
fonates, effect, Zelitch, 251 
Phenylmercury compounds, effect, 
Smalt, Kreke, and Cook, 999 
Proteolytic, skin, Martin and Azelrod, 
309 


Thyroxine conversion to tetraiodothy- 
roacetic acid, Tomita, Lardy, Larson, 
and Albright, 387 

Triiodothyronine conversion to triio- 
dothyroacetic acid, Tomita, Lardy, 
Larson, and Albright, 387 

Uridine diphosphoglucuronie acid for- 
mation, Strominger, Mazwell, Azel- 
rod, and Kalckar, 79 

See also Adenosinetriphosphatase, De- 
hydrogenase, etc. 

Epicholesterol: Metabolism, cholestanol 
and A‘-cholestenone relation, Harold, 
Chapman, and Chatkoff, 609 

Epinephrine: Liver phosphorylase rela- 
tion, Rall, Sutherland, and Berthet, 


463 
Ergothioneine: Biosynthesis, Melville, 
Eich, and Ludwig, 871 


Erythrocyte(s): See Blood cell, red 
Escherichia coli: Tryptophan auxo- 
trophs, enzyme use in study, Yanof- 


sky, 783 
Esterase: Phosphomono-. See Phospho- 
monoesterase 
F 


Fatty acid(s): Essential, metabolism, 
Steinberg, Slaton, Howton, and Mead, 


841 
Folic acid: Inactivation, liver, Futterman 
and Silverman, 31 


Formate: Carbon 14-labeled, incorpora- 
tion into acid-soluble guanine, liver, 
Haydar, Chernigoy, Khatchadourian, 
and Kerr, 707 

-~--, — — adenine nucleotides, liver, 
Haydar, Chernigoy, Khatchadourian, 


and Kerr, 707 
— —, metabolism, jejunum, Oro and 
Rappoport, 489 
Metabolism, tissues, Oro and Rappo- 
port, 489 


and 
cas, 
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Fructose: Transport, Kiyasu and Chai- 
koff, 935 

Furanoside: a-p-Galactopyranosy]-8-p- 
fructo-. See Galactopyranosyl-f-p- 
fructofuranoside 


G 


Galactolipide: Metabolism, Radin, Mar- 
tin, and Brown, 499 
Galactopyranosyl-8-p-fructofuranoside: 
a-D-, sucrose isomer, Feingold, Avi- 
gad, and Hestrin, 295 
Galactose: Carbon 14-labeled, lactose 
biosynthesis, relation, Pazur and 
Tipton, 381 
Permeability, diaphragm, Resnick and 
Hechter, 941 
Globulin(s): y-, isolation, blood plasma, 
Goldstein and Anderson, 775 
8-Lacto-. See Lactoglobulin 
Glucagon: Liver phosphorylase relation, 
Rall, Sutherland, and Berthet, 


463 
Glucose: Carbon 14-labeled, lactose 
biosynthesis, relation, Pazur and 
Tipton, 381 
2-Deoxy-. See Deoxyglucose 
Labeled, metabolism, liver, Muntz and 
Murphy, 971 
Metabolism, liver, Murphy and Muniz, 
987 
Oxidation, Acetobacter suboxydans, 
King and Cheldelin, 579 


Utilization, mammary gland, insulin 

effect, Abraham, Cady, and Chatkoff, 

955 

Glucose-6-phosphate: Metabolism, liver, 

ions and hormones, effect, Ashmore, 
Cahill, Hastings, and Zottu, 

225 

Glucuronic acid: Uridine diphospho-. 


See Uridine diphosphoglucuronic 
acid 
Glutamic acid dehydrogenase: L-, 


Caughey, Smiley, and Hellerman, 
591 
—, thyroxine effect, Caughey, Smiley, 
and Hellerman, 591 
Glutaric acid: a-Keto-. See Ketoglu- 
taric acid 


INDEX 


Glycinamidine ribotide: a-N-Formyl., 
synthesis, enzymatic, metabolism 
and structure, Levenberg and Bu- 
chanan, 1019 

Glycine: Carbon 14-labeled, incorpora- 
tion into acid-soluble guanine, liver, 
Haydar, Chernigoy, Khatchadourian, 
and Kerr, 707 

— —, — — adenine nucleotides, liver, 
Haydar, Chernigoy, Khatchadourian, 
and Kerr, 707 

Glycine peptide(s): N-Terminal, nin- 
hydrin differentiation reaction, Sai- 
del, 445 

Glycogen: Formation, in vivo, pentose 
phosphate relation, Hiatt, 851 

Liver, ions and hormones, effect, Ca- 
hill, Ashmore, Zottu, and Hastings, 
237 

Glycolic acid: Oxidation, enzymatic, 

a-hydroxysulfonates, effect, Zelitch, 


251 
Growth: p-Valine, effect, Womack, 
Snyder, and Rose, 793 


Guanine: Acid-soluble, liver, C'-for- 
mate incorporation into, Haydar, 
Chernigoy, Khatchadourian, and Kerr, 

707 

—, —, C'-glycine incorporation into, 
Haydar, Chernigoy, Khatchadourian, 
and Kerr, 707 


H 


Heart: Cytochromes, spectra, low tem- 
perature, Estabrook and Mackler, 
637 
Hemoprotein(s): Spectra, low tempera- 
ture, Estabrook and Mackler, 


637 

Hexokinase reaction: Equilibrium, Rob- 
bins and Boyer, ; 121 
Hormone(s): Lactogenic. See Lacto- 


genic hormone 
Liver glucose-6-phosphate metabolism, 
Ashmore, Cahill, Hastings, and Zottu, 
225 


— glycogen, effect, Cahill, Ashmore, 
Zottu, and Hastings, 237 
— phosphorylase, effect, Cahill, Ash- 
more, Zottu, and Hastings, 237 
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Hyaluronic acid: Blood serum, Deutsch, 
767 

Hydroxyisobutyric acid: 8-, coenzyme A 
thiol esters, valine degradation, 
effect, Robinson, Nagle, Bachhawat, 
Kupiecki, and Coon, 1 
Hydroxysteroid(s): Ci9-, oxidation, liver, 
Kochakian, Carroll, and Uhri, 811 
Hydroxysulfonate(s): a-, glycolic and 
lactic acids, oxidation, enzymatic, 
effect, Zelitch, 251 
Hydroxytryptophan: 5-, tissue serotonin, 
effect, Udenfriend, Weissbach, and 


Bogdanski, 803 
Hypophysis: See Pituitary 
I 
Insulin: Diaphragm pentose uptake, 
effect, Kipnis and Cori, 681 


Mammary gland glucose utilization, 
effect, Abraham, Cady, and Chatkoff, 
955 

Ion(s): Liver glucose-6-phosphate me- 
tabolism, Ashmore, Cahill, Hastings, 
and Zottu, 225 

— glycogen, effect, Cahill, Ashmore, 
Zottu, and Hastings, 237 

— phosphorylase, effect, Cahill, Ash- 
more, Zottu, and Hastings, 237 
Iron: Metabolism, copper and iron ef- 
fects, Gubler, Cartwright, and Win- 


trobe, 533 
—, Micrococcus lysodeikticus, Townsley 
and Neilands, 


Isobutyric acid: Coenzyme A thiol esters, 
valine degradation, effect, Robinson, 
Nagle, Bachhawat, Kupiecki, and 
Coon, 1 

Isocholesterol: Lanosterol isolation, 
Johnston, Gautschi, and Bloch, 

185 


J 
Jejunum: Formate-C™ metabolism, Oro 
and Rappoport, 489 

K 


Ketoglutaric acid: a-, w-amide and 


w-amino acid derivatives, Otani and 
Meister, 137 
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Kidney: Prolidase, purification and 
properties, Davis and Smith, 
261 
Transamidinase, action mechanism, 
Walker, 57 
L 


Lactalbumin: a-, tyrosinase effect, Ya- 
sunobu and Dandliker, 1065 
Lactic acid: Oxidation, enzymatic, a-hy- 
droxysulfonates, effect, Zelitch, 
251 
Lactogenic hormone: Pituitary, N-ter- 
minal residue and sequence analysis, 
Cole, Geschwind, and Li, 399 
Lactoglobulin: §8-, tyrosinase effect, 
Yasunobu and Dandliker, 1065 
Lactose: Biosynthesis, glucose-1-C' and 
galactose-1-C™, relation, Pazur and 


Tipton, 381 
Lanosterol: Biosynthesis, Schneider, 
Clayton, and Bloch, 175 
Isolation, isocholesterol, Johnston, 
Gautschi, and Bloch, 185 
Leucine aminopeptidase: Alcohols, ef- 
fect, Hill and Smith, 209 


Lignin: Methoxyl groups, biosynthesis, 
tobacco, Hamill, Byerrum, and Ball, 
713 
Linolenic acid: Metabolism, Steinberg, 
Slaton, Howton, and Mead, 841 
Lipide(s): Cytochrome oxidase, Mari- 
netti, Scaramuzzino, and Stoiz, 
819 
Galacto-. See Galactolipide 
Rhamno-. See Rhamnolipide 
Liver: Adenine nucleotides, C'4-glycine 
and formate incorporation into, 
Haydar, Chernigoy, Khatchadourian, 
and Kerr, 707 
Carbohydrate metabolism, Ashmore, 
Cahill, Hastings, and Zottu, 225 
Cahill, Ashmore, Zottu, and Hastings, 
237 
Folic acid inactivation, Futterman and 
Silverman, 31 
Glucose, labeled, metabolism, Muniz 
and Murphy, 971 
— metabolism, Murphy and Muniz, 
987 
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Liver—continued: 

Glucose-6-phosphate metabolism, ions 
and hormones, effect, Ashmore, 
Cahill, Hastings, and Zottu, 225 

Glycogen, ions and hormones, effect, 
Cahill, Ashmore, Zottu, and Hast- 
ings, 237 

Guanine, acid-soluble, C'-glycine and 
formate incorporation into, Haydar, 
Chernigoy, Khatchadourian, and Kerr, 

707 

Hydroxysteroids, Cis, oxidation, Ko- 
chakian, Carroll, and Uhri, 811 

Mitochondria, diphosphopyridine nu- 
cleotide, reduced, oxidation, phos- 
phorylation relation, Maley, 1029 

Phosphorylase, epinephrine relation, 
Rall, Sutherland, and Berthet, 463 

—, glucagon relation, Rall, Sutherland, 
and Berthet, 463 

—, ions and hormones, effect, Cahill, 
Ashmore, Zottu, and Hastings, 237 

Ribonucleoprotein, cytoplasmic, Pe- 
termann and Hamilton, 725 


M 


Malate: Oxidation, thyroxine action, 
Wolff and Ball, 1083 
Mammary gland: Glucose utilization, 
insulin effect, Abraham, Cady, and 
Chaikoff, 955 
Mercury compound(s): Phenyl-. See 
Phenylmercury compound 
Methacrylic acid: Coenzyme A thiol es- 
ters, valine degradation, effect, 
Robinson, Nagle, Bachhawat, Ku- 
ptecki, and Coon, 1 
Methionine: Pectinic acid methy] esters, 
biosynthesis, relation, Sato, Byer- 


rum, and Ball, 717 
Methylase: Serine hydroxy-. See Serine 
hydroxymethylase 


Methyl ester(s): Pectinic acid, biosyn- 
thesis, methionine relation, Sato, 
Byerrum, and Ball, 717 

Micrococcus lysodeikticus: Iron metab- 
olism, Townsley and Neilands, 

695 
Porphyrin metabolism, Townsley and 
Neilands, 695 


INDEX 


Microorganism(s): Uracil-2-C'* incor- 
poration into nucleotide and nucleic 
acid, Strominger, 525 

Uridine-5’-pyrophosphate  N-acetyl- 
amino sugar compounds, Strominger, 
525 
—— — —, penicillin effect, Strominger, 
509 

See also Bacillus, Bacteria 

Mitochondrion: Adenosinetriphospha- 
tase, phosphorylation, oxidative, 
relation, Cooper and Lehninger, 

547 

Enzyme complex, phosphorylation, 

oxidative, adenosine triphosphate- 

phosphate exchange reaction, rela- 
tion, Cooper and Lehninger, 


561 
—-—,—,—, relation, Cooper and Lehn- 
inger, 547, 561 


Liver, diphosphopyridine nucleotide, 
reduced, oxidation, phosphorylation 
relation, Maley, 1029 
Monoiodotyrosine: Copper complexes, 
Davis, 759 
Muscle: Blood plasma and, pentose dis- 
tribution, Helmreich and Cori, 663 

See also Heart 

Mycobacterium tuberculosis: Wax, Noll, 
149 

Myosin: Molecular weight determina- 
tion, Rupp and Mommaerts, 277 

Solutions, light scattering, Rupp and 
Mommaerts, 277 


N 


Nitrogen: Fixation, Azotobacter  vine- 
landii, kinetics, Allison and Burris, 
351 

See Ribonuclease 
See Deoxy- 


Nuclease: Ribo-. 

Nucleic acid: Deoxyribo-. 
ribonucleic acid 

Uracil-2-C' incorporation into, mi- 


croorganisms, Strominger, 525 
Nucleotide(s): Adenine. See Adenine 
nucleotide 
Di-. See Dinucleotide 


Diphosphopyridine. See Diphospho- 
pyridine nucleotide 


Pyridine. See Pyridine nucleotide 
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Nucleotide (s) —continued: 
Uracil-2-C™ incorporation into, micro- 


organisms, Strominger, 25 

O 
Ornithine peptidase(s): Bacillus brevis, 
Erlanger, 1073 


Oxalacetic acid: w-Amide and w-amino 

acid derivatives, Otani and Meister, 

137 

Oxidase: Cytochrome. See Cytochrome 
oxidase 

Xanthine. See Xanthine oxidase 
Oxygen: Yeast cytochrome c biosynthe- 
sis, effect, Yéas and Drabkin, 921 


Pp 
Pasteur effect: Aisenberg, Reinafarje, 
and Potter, 1099 
Atsenberg and Potter, 1115 


Pectinic acid: Methyl] esters, biosynthe- 
sis, methionine relation, Sato, Byer- 
rum, and Ball, 717 

Penicillin: Microbial uridine-5’-pyro- 
phosphate N-acetylamino sugar 
compounds, effect, Strominger, 

509 

Pentose(s): Distribution, blood plasma 

and muscle, Helmreich and Cori, 
663 
Uptake, diaphragm, insulin effect, 
Kipnis and Cori, 681 

Pentose phosphate: Glycogen formation, 
in vivo, relation, Hiait, 851 

Peptidase(s): Leucine amino-. See Leu- 
cine aminopeptidase 

Ornithine. See Ornithine peptidase 

Peptide(s): Glycine. See Glycine pep- 
tide 

Phenylmercury compound(s): Enzymes, 
effect, Smalt, Kreke, and Cook, 999 

Phosphatase: Acid, Tsuboi, Wiener, and 
Hudson, 621 

Adenosinetri-. See Adenosinetriphos- 
phatase 

Phosphate: Adenosine tri-. See Adeno- 
sine triphosphate 

Glucose-6-. See Glucose-6-phosphate 
Pentose. See Pentose phosphate 
Pyro-. See Pyrophosphate 


Phosphoglyceraldehyde dehydrogenase: 
3-, pyrophosphate effect, Rafter and 
Colowick, 373 

Phosphomonoesterase: Yeast, isolation 
and properties, 7’suboit, Wiener, and 


Hudson, 621 
Phosphorylase(s): Immunology, Henion 
and Sutherland, 477 
Liver, epinephrine relation, fall, 
Sutherland, and Berthet, 463 

—, glucagon relation, Rall, Sutherland, 
and Berthet, 463 


—, ions and hormones, effect, Cahill, 
Ashmore, Zottu, and Hastings, 237 
Muscle, adenylice acid effect, Madsen 
and Cori, 899 
Purine nucleoside. See Purine nucleo- 
side phosphorylase 
Phosphorylation: Liver mitochondria di- 
phosphopyridine nucleotide, 
duced, oxidation, relation, Maley, 
1029 
Oxidative, adenosine  triphosphate- 
phosphate exchange reaction, rela- 
tion, Cooper and Lehninger, 561 
—, adenosinetriphosphatase, relation, 
Cooper and Lehninger, 5A7 
—, mitochondria enzyme complex, 
relation, Cooper and Lehninger, 
547, 561 
Pituitary: Lactogenic hormone, -ter- 
minal residue and sequence analysis, 
Cole, Geschwind, and Li, 399 
Porphyrin: Metabolism, Micrococcus ly- 
sodeikticus, Townsley and Neilands, 
695 
Prolidase: Kidney, purification and 
properties, Davis and Smith, 
261 
Protein(s): Blood serum, injected, me- 
tabolism, Walter, Haurowittz, 
Fleischer, Lietze, Cheng, Turner, and 
Friedberg, 107 
Hemo-. See Hemoprotein 
Ribonucleo-. See Ribonucleoprotein 
Thiocyanate and, Haurowttz, Zimmer- 
man, Hardin, Lisie, Horowitz, Lietze, 


and Bursa, 827 
Proteolysis: Enzymes, skin, Martin and 
Azelrod, 309 


| 
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Pseudomonas aeruginosa: Rhamnolipide 
biosynthesis, Hauser and Karnovsky, 


91 

Rhamnose biosynthesis, Hauser and 
Karnovsky, 91 
Purine(s): Bases, determination and 


isotope incorporation, Weissmann, 
Bromberg, and Gutman, 423 
—, separation and _ identification, 
Weissmann, Bromberg, and Gutman, 
407 
Biosynthesis, Levenberg and Buchanan, 
1005, 1019 
2,6-Diamino-. See Diaminopurine 
Purine nucleoside phosphorylase: Blood 
cells, red, Tsuboi and Hudson, 889 
— —,—, isolation, 7T’suboi and Hudson, 
879 
Pyridine nucleotide(s): Determination, 
fluorometric, Lowry, Roberts, and 
Kapphahn, 1047 
Pyridoxine: Carbohydrate metabolism, 
effect, Guggenheim and Diamant, 
861 
Pyrophosphate: 3-Phosphoglyceralde- 
hyde dehydrogenase, effect, Rafter 


and Colowick, 373 

R 
Rhamnolipide: Biosynthesis, Pseudo- 
monas aeruginosa, Hauser and Kar- 
novsky, 91 


Rhamnose: Biosynthesis, Pseudomonas 
aeruginosa, Hauser and Karnovsky, 


91 
Ribonuclease: Tyrosinase effect, Ya- 
sunobu and Dandliker, 1065 


Ribonucleoprotein: Amino acids, carbon 
14-labeled, incorporation, Ehrlich 
ascites tumor, Littlefield and Keller, 

13 

Petermann and 

725 
See Ami- 


Cytoplasm, liver, 
Hamilton, 
Ribotide: 5-Aminoimidazole. 
noimidazole ribotide 
Glycinamidine. See 


ribotide 


Glycinamidine 


S 


Serine: Formation from carbohydrate, 
Ichihara and Greenberg, 331 


INDEX 


Serine hydroxymethylase: Determina- 
tion and requirements, Huennekens, 
Hatefi, and Kay, 435 

Serotonin: Tissue, 5-hydroxytryptophan 
effect, Udenfriend, Weissbach, and 
Bogdanski, 803 

Skin: Enzymes, proteolytic, Martin and 
Azelrod, 

Sorbitol: Oxidation, biological, Cum- 
mins, King, and Cheldelin, 323 

Steroid(s): Cis, acetate conversion to, 
adrenal glands, Bloch, Dorfman, and 
Pincus, 737 


Hydroxy-. See Hydroxysteroid 
Sterol: Lano-. See Lanosterol 
Metabolism, cockroach, American, 


Casida, Beck, and Cole, 365 
Succinate: Oxidation, thyroxine action, 
Wolff and Ball, 1083 
Sucrose: a-p-Galactopyranosy]-8-p-fruc- 
tofuranoside isomer, reactions and 
synthesis, enzymatic, Feingold, Avi- 
gad, and Hestrin, 295 
Sugar(s): Penetration, Ehrlich ascites 
tumor, Crane, Field,and Cori, 649 
Sugar compound(s): Uridine-5’-pyro- 
phosphate N-acetylamino, microbial, 


Strominger, 525 
— —, —, penicillin effect, Strominger, 
509 
Sulfonate(s): a-Hydroxy-. See Hy- 
droxysulfonate 
T 


Tetraiodothyroacetic acid: Thyroxine 
conversion to, enzymatic, Tomita, 
Lardy, Larson, and Albright, 387 

Thiocyanate: Proteins and, Haurowiiz, 
Zimmerman, Hardin, Lisie, Horo- 


witz, Lietze, and Bursa, 827 
Thyronine: Copper complexes, Davis, 
759 
Diiodo-. See Diiodothyronine 


Triiodo-. See Triiodothyronine 
Thyroxine: Copper complexes, Davis, 
759 
Lt-Glutamic acid dehydrogenase, effect, 
Caughey, Smiley, and Hellerman, 
591 
Malate oxidation, effect, Wolff and 
Ball, 1083 
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Thyroxine—continued: 
Succinate oxidation, effect, Wolff and 
Ball, 1083 
Tetraiodothyroacetic acid from, en- 
zymatic relation, Tomita, Lardy, 


Larson, and Albright, 387 
Tissue(s): Formate metabolism, Oro and 
Rappoport, 489 
Permeability, Crane, Field, and Cori, 
649 

Helmreich and Cori, 663 
Kipnis and Cori, 681 


Tocopherol: Tissue, determination, phos- 
phomolybdic acid use, Rosenkrantz, 


165 
Transamidinase: Kidney, action mech- 
anism, Walker, 57 


Triiodothyroacetic acid: Triiodothyro- 
nine conversion to, enzymatic, 
Tomita, Lardy, Larson, and Albright, 


387 
Triiodothyronine: Copper complexes, 
Davis, 759 


Triiodothyroacetic acid from, enzyma- 
tic relation, Tomita, Lardy, Larson, 


and Albright, 387 
Tryptophan: Auxotrophs, Escherichia 
coli, enzyme use in study, Yanofsky, 
783 


5-Hydroxy-. See Hydroxytryptophan 
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